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ABSTRACT 
Deterioration of concrete structures reinforced with steel bars can be seen daily in regions 
with aggressive weather as steel-corrosion problems worsen. Fiber-reinforced-polymers (FRP) 
reinforcement has proven its feasibility through different civil structural elements. Present 
guidelines for FRP structures in North-America and Europe have not yet handled axially loaded 
members, due to the lack of research and experiments. This research takes charge of providing 
experimental database as well as extensive analyses and design recommendations of circular 
concrete columns reinforced totally with different FRP bars and spirals/hoops (FRP-RC 
columns). Full-scale columns were tested under monotonic loading with different levels of 
eccentricity. Test variables included the eccentricity-to-diameter ratio (e/D); reinforcement 
type (GFRP and CFRP vs. steel); concrete strength; longitudinal and transverse reinforcement 
ratio; and confinement configuration. All specimens measured 305 mm diameter and 1500 mm 
height. Test results indicated that specimens reinforced with glass-FRP (GFRP) or carbon-FRP 
(CFRP) reached their peak strengths with no damages to GFRP or CFRP rebar on either side 
of specimens. Specimens with CFRP reinforcement (CFRP-RC) behaved very similarly to their 
steel counterparts, and achieved almost the same nominal axial forces. Specimens with GFRP 
reinforcement (GFRP-RC) exhibited, however, reduced stiffness and achieved lower nominal 
axial forces than their steel or CFRP counterparts. Failure of GFRP-RC and CFRP-RC 
specimens was dominated by concrete crushing at low levels of eccentricity (e/D ratios of 8.2% 
and 16.4%). Experimental strain results revealed that GFRP bars developed high levels of 
strains and stresses on the compression and tension sides and hence the GFRP-RC specimens 
could sustain constant axial load after peak for some time up to the limit of concrete crushing 
at higher levels of eccentricity (e/D ratios of 8.2% and 16.4%), which help to delay the full 
damage. At these levels, flexural–tension failure initiated in the GFRP-RC specimens resulting 
from large axial and lateral deformations and cracks on the tension side until secondary 
compression failure occurred due to strain limitations in concrete and degradation of the 
concrete compressive block. The failure of CFRP-RC specimens at higher levels of eccentricity 
(e/D ratios of 8.2% and 16.4%) was characterized as flexural–compression in which it took 
place in a less brittle manner. On the other hand, this research also included different studies 
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to analyze the test results, evaluate rebar efficiency, and provide recommendations for analysis 
and design. It was, therefore, indicated that the axial and flexural capacities of the tested FRP-
RC specimens could be reasonably predicted using plane sectional analysis, utilizing the 
equivalent rectangular stress block (ERSB) parameters given by the ACI 440.1R-15 or CSA 
S806-12. All predictions underestimated the actual strength with variable levels of 
conservatism ranged between 1.05 to 1.25 for the GFRP-RC specimens and between 1.20 to 
1.40 for the CFRP-RC specimens. These levels were noticeably reduced to critical limits in 
specimens with high-strength concretes. An elaborate review was made to the available ERSB 
parameters in the present steel and FRP design standards and guidelines. Modified expressions 
of the ERSB given in ACI 440.1R-15 and CSA S806-12 were developed. The results indicated 
good correlation of predicted and measured strength values with enhanced levels of 
conservatism. Additionally, sets of axial force–bending moment (P-M) interaction diagrams 
and indicative bar charts are introduced, and recommendations drawn. The compressive-
strength contribution of FRP reinforcement was thoroughly reviewed and discussed. The 
minimum GFRP and CFRP reinforcement ratios to avoid rebar rupturing were broadly 
examined. Finally, the flexure stiffness (EI) of the tested specimens was analytically 
determined and compared with the available expressions using experimental and analytical M-
ψ responses. Proposed equations are developed and validated against the experimental results 
to represent the stiffness of GFRP-RC and CFRP-RC columns at service and ultimate levels. 
 
Keywords: Concrete, FRP bars, columns, axial, eccentricity, stress, strain, model, failure, 
sectional analysis, stress block, curvature, stiffness.  
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RÉSUMÉ 
La détérioration des structures en béton armé avec des barres d’armature d’acier peut être 
observée quotidiennement dans les régions à climat agressif. Le renforcement interne en 
polymères renforcés de fibres (PRF) a démontré sa faisabilité grâce à différents éléments 
structuraux en génie civil. Les lignes directrices actuelles pour les structures en béton armé de 
PRF en Amérique du Nord et en Europe n'ont pas encore gérées les sections soumises à des 
efforts axiaux excentrique, en raison du manque de recherches et d'expériences. Cette recherche 
permet d’augmenter la base de données expérimentales ainsi établir des analyses approfondies 
et des recommandations de conception pour les colonnes circulaires en béton armé 
complètement renforcées de PRF (barres et spirales). Des grandeur-nature colonnes ont été 
testées sous charge monotone avec différents niveaux d'excentricité. Les variables de test 
comprenaient le rapport excentricité / diamètre (e/D) ; le type de renfort (PRFV et PRFC 
comparativement à l’acier); la résistance du béton en compression; le taux d’armature 
longitudinal et transversal; et la configuration de l’armature de confinement. Tous les 
échantillons mesuraient 305 mm de diamètre et 1500 mm de hauteur. Les résultats des tests ont 
indiqué que les spécimens renforcés avec des PRF de verre ou des PRF de carbone atteignaient 
leur résistance maximale sans endommager les barres d’armature. Des deux types de 
renforcement, les spécimens de PRFCCFRP se comportaient de manière très similaire à leurs 
homologues en acier et atteignaient presque les mêmes résistances axiales. Cependant, les 
spécimens avec renforcement en PRFV ont présenté une rigidité réduite et des forces axiales 
nominales inférieures à celles de leurs homologues en acier ou en PRFC. Le mode de rupture 
des spécimens de PRFC et de PRFV a été dominé par l’écrasement du béton à de faibles 
niveaux d'excentricité (rapports e/D de 8,2% et 16,4%). Les résultats ont révélé que les barres 
de PRFV ont développé des niveaux élevés de déformations et de contraintes sur les faces en 
compression et en tension et, par conséquent, les spécimens de PRFVC pourraient supporter 
une charge axiale constante après la résistance ultime pendant un certain temps jusqu'à la limite 
de la rupture en compression du béton du noyau à des niveaux supérieurs d'excentricité (rapport 
e/D de 8,2% et 16,4%), ce qui contribue à retarder la dégradation. À ces niveaux, une rupture 
en tension a été initiée dans les spécimens de PRFV résultant à de grandes déformations axiales 
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et latérales et des fissures du côté de la face en tension jusqu'à ce que la rupture en compression 
du béton. La rupture des spécimens de PRFC à des niveaux supérieurs d'excentricité (rapport 
e/D de 8,2% et 16,4%) a été caractérisé comme étant en compression du béton dans laquelle il 
s'est déroulé de manière moins fragile. D'autre part, cette recherche comprenait également 
différentes études pour analyser les résultats des tests, évaluer l'efficacité des barres d'armature 
et fournir des recommandations pour l'analyse et la conception. Il a donc été indiqué que les 
capacités axiales et de flexion des spécimens en PRF testées pourraient être raisonnablement 
prédites en utilisant une analyse en section plane, en utilisant les paramètres du bloc de 
contrainte rectangulaire équivalent (BCRE) donnés par l'ACI 440.1R-15 ou la CSA S806- 12. 
Toutes les prédictions ont sous-estimé la résistance réelle avec des niveaux de variabilité 
conservateur entre 1,05 et 1,25 pour les spécimens de PRFC et entre 1,20 et 1,40 pour les 
spécimens de PRFC. Ces niveaux ont été nettement réduits à des limites critiques dans les 
spécimens avec des bétons à haute résistance. Un examen approfondi a été effectué sur les 
paramètres du BCRE disponibles dans les normes et les directives de conception actuelles en 
acier et en PRF. Les expressions modifiées du BCRE fournies dans ACI 440.1R-15 et CSA 
S806-12 ont été développées. Les résultats indiquent une bonne corrélation entre les valeurs de 
résistance prédites et mesurées avec des niveaux accrus de conservatisme. La contribution de 
la résistance à la compression du renforcement en PRF a été soigneusement examinée et 
discutée. Le taux d’armature minimum de PRFV et de PRFC pour éviter la rupture de 
l'armature ont été largement examinés. Enfin, la rigidité en flexion (EI) des spécimens testés a 
été déterminée de manière analytique et comparée aux expressions disponibles dans la 
littérature en utilisant les réponses expérimentales et analytiques M-ψ. Les expressions 
modifiées de la rigidité en flexion EI apportées dans l’ACI 440.1R ont été développées et 
validées. 
Mots clés: Béton, barres de PRF, colonnes, axial, excentricité, contrainte, déformation, 
modèle, rupture, analyse par section, bloc de contrainte, courbure, rigidité.  
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 CHAPTER 1  
INTRODUCTION 
1.1 General Background 
Circular reinforced-concrete (RC) elements have been frequently used in civil-engineering 
projects, especially in bridge pier columns and pile applications such as pile walls, pile 
foundations, and quay walls. These sections are used to resist vertical loads (such as traffic) 
and lateral loads (such as wind load, lateral shock, braking force, and lateral earth pressure.) 
Due to the live load cases, these sections are susceptible to potential eccentric compression. 
The design should, therefore, include the axial compression and the induced bending moments. 
Aggressive climate and environmental changes stimulate the manufacturing of a corrosion-free 
material. Past years have seen valuable research work and widespread applications of concrete 
elements having fiber-reinforced polymer (FRP) reinforcement. The manufacturing process 
and quality control of FRP rebar has also developed over the first generation produced since 
1990s. The limited research conducted on the first generation demonstrated conflictions of FRP 
reinforcement regarding their compression behavior. ACI 440.1R (2006) had, therefore, 
prohibited using FRP reinforcement either in columns or as compression reinforcement in 
flexural members. Recently, few tests were conducted on columns reinforced with FRP bars 
(FRP-RC columns) in which their findings demonstrated the feasibility of using FRP 
reinforcement in columns. Consequently, FRP reinforcement is allowed in the current version 
of ACI 440.1R (2015) provided that their contribution in compression be neglected.  
This research intended to originally examine the performance of FRP reinforcement in 
columns/piles under eccentric compression. The integration of such exceptional reinforcement 
with high-strength concrete (HSC) was also introduced for achieving better strength and 
deformability. 
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1.2 Objectives and Scopes  
This research originally discussed the behavior of FRP reinforcement in circular full-scale 
concrete columns/piles under eccentric compression. The performance of FRP rebar and 
spirals, as an alternative reinforcement, was compared to steel. The interaction diagrams of the 
tested FRP-RC specimens were analytically developed in the same manner as steel-RC 
members, with some assumptions. The research also discussed the issue of compression 
contribution of FRP rebar in the light of the data provided by the ACI 440.1R (2015), in which 
recommendations were drawn. In addition, the design of FRP-RC having HSC by equivalent 
rectangular stress block (ERSB) parameters was in review and assessment.  Furthermore, the 
research addressed the estimation of stiffness for structural analysis and design purposes. 
The general objective of this study is: 
Addressing the feasibility of FRP bars in eccentric columns and proposing design provisions 
and recommendations for the North-American’ codes.  
The following points summarized the specific objectives: 
1. Investigating the behavior and failure mode mechanisms of GFRP-RC and CFRP-RC 
columns subjected to combined flexural moment and compression load. 
2. Developing complete interaction diagrams for GFRP- and CFRP-RC members 
experimentally. 
3. Correlating strength predictions with the experimental results yielded by several ERSBs 
and hence proposing necessary modifications to provide better predictions. 
4. Determining the effective stiffness of the tested specimens, compared with the available 
expressions, and hence proposing new expressions for better estimations. 
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1.3 Methodology 
To achieve the above-described objectives, a research plan including experimental program 
and theoretical studies was conducted. The experimental program included testing of full-scale 
circular members reinforced with glass and carbon FRP as well as steel reinforcement. The 
results were discussed in terms of general behavior, effect of test parameters, and interaction 
diagrams. On the other side, theoretical studies were prepared to analytically develop the 
interaction diagrams of the tested specimens along with parametrical investigation. The stress 
block parameters of HSC members were also investigated. Moment - curvature relationships 
were developed using through an analytical model to predict and propose expressions for the 
effective stiffness. The following flow chart summarized the methodology prepared for this 
work. 
 
Figure 1.1– Flow chart of the research program 
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1.4 Thesis organization 
The thesis first begins commonly with a short review in Chapter 2 of presenting pertinent 
studies to this work in a chronological order.  
Chapter 3 (1st article) presents the results of an experimental investigation on the eccentric 
behavior of circular GFRP-RC column. The axial force–moment interaction diagrams were 
predicted based on the principles of strain compatibility and internal force equilibrium and 
following the recommendations of the available design standards/guidelines and recent 
research work on GFRP-RC columns. 
Chapter 4 (2nd article) presents test results of an experimental program to investigate the 
structural performance of circular concrete columns reinforced with carbon-FRP (CFRP) bars 
and spirals. Based on the test results, a detailed sectional analysis and plane section analysis 
were then conducted. Furthermore, a comprehensive parametric investigation was performed 
to generate numerous nominal axial force-bending moment interaction diagrams. 
Chapter 5 (3rd article) presented a state-of-art review on the compressive-strength contribution 
of GFRP reinforcement. The lowest and highest bounds of the mechanical properties of GFRP 
reinforcement reported in the ACI 440.1R (2015) were included in analytical study employing 
different concrete strengths and reinforcement ratios to develop sets of axial force–bending 
moment interaction diagrams and indicative guide charts. In addition, the minimum GFRP 
longitudinal reinforcement ratio to prevent tension failure (GFRP-bar rupture) was 
investigated. 
Chapter 6 (4th article) investigated experimentally and analytically the feasibility of HSC in 
circular GFRP-RC columns under concentric and eccentric loading. The axial force–moment 
interaction diagrams were predicted in accordance with the recommendations in the available 
design standards. 
Chapter 7 (5th article) extended the investigation to integrate HSC in columns reinforced 
totally with CFRP bars and spirals.  comprehensive study was then conducted based on the test 
results and plane section theory. Based on this study, the axial and flexural capacity of CFRP-
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RC with HSC columns can be reasonably predicted using plane sectional analysis. 
Furthermore, a detailed parametric investigation was conducted to generate numerous axial 
force–flexural moment (P-M) interaction diagrams. 
Chapter 8 (6th article) initiated an early attempt to investigate the applicability of several 
equivalent rectangular stress blocks (ERSB)s proposed by different associations to predict the 
strength of HSC-GFRP-RC specimens subjected to combined flexural and compression loads.  
Extensive analyses were integrated into the test results to investigate the impact of each test 
parameter on ERSB parameters. Modified expressions of the ERSB given in ACI 440.1R and 
CSA S806 were developed. 
Chapter 9 (7th and 8th articles) presents an analytical modeling to predict the moment-curvature 
responses of the tested specimens. Two models for unconfined and confined concrete are 
examined in this study, based on strain-compatibility and force-equilibrium. A procedure for 
second-order analysis was described and used in this model to consider the second-order effect. 
The effective stiffness of the tested specimens was then evaluated and discussed. The stiffness 
results were calculated using different approaches in the literature and compared with those 
obtained based on the experimental database. Proposed expressions were eventually developed 
and validated against the experimental results at service and ultimate levels. 
The last Chapter of the thesis, Chapter 10, presents some detailed conclusions of the results 
obtained from the experiments and analyses with respect to observations and highlights 
discussed throughout the thesis in addition to recommendations for future work. 

 CHAPTER 2  
LITERATURE REVIEW 
2.1 Background on Materials 
2.1.1 FRP reinforcement 
Investigations of members subjected to axial and flexure have been in spot-interest since the 
beginning of the 20th century using normal and high-strength concrete. Most of these efforts 
were concerned with the traditional steel reinforcement. By the 1950s, the FRPs were first 
investigated for structural use, until they have been considered for structural engineering 
applications by the 1970. Since this time, few investigations were, however, conducted on the 
behavior of columns reinforced with FRP bars and spirals/hoops. More details about the 
historical review and various properties of FRP reinforcement can be found in other 
publications (Hadhood 2015; ACI 440.1R 2015; AASHTO 2009). The following part presents 
an elaborate review of some studies pertinent to the subject under investigation. 
2.2 Behavior of High Strength Concrete 
The definition of High strength concrete (HSC) varies with countries and time, it has been 
changed over the years. For instance, in 1992 concrete with a compressive strength of 41 MPa 
was considered as high strength (ACI 363R 1992). Later, it has been changed to 55 MPa in the 
ACI 363R (2010). Today, compressive strengths approaching 138 MPa have been produced 
for cast-in-place buildings. In this study, the concrete strength of 70 MPa is considered HSC. 
HSC has the same ingredients as the Normal strength concrete (NSC). HSC is the result of 
ongoing research and development to optimize concrete ingredients, proportioning, mixing, 
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placing, and quality control methods. It was observed that decreasing either the water-to-
cement ratio or the aggregate size can achieve a perceptible increase in the concrete strength 
(ACI 363R 1992). For example, a water-to-cement ratio of 1.2 by volume which is equivalent 
to 0.4 by mass is needed to hydrate all the cement particles in a concrete mixture (Mahter and 
Hime 2002). It was also experienced that adding mineral admixtures such as silica fume and 
fly-ash to the concrete mixture enhances the chemical reaction of the mixture and fills the 
spaces between cement grains. On the other hand, the using of chemical admixtures has become 
a substantial solution to overcome the workability problems. Laboratory researchers using 
special materials and processes have achieved concrete mixtures with compressive strengths 
more than 116,000 psi (800 MPa). 
The failure mechanism of any concrete mixture depends on the stiffness of its ingredients and 
the interface between the aggregate and the cement paste. For HSC, it was observed that cement 
pastes and the interface between cement pastes and the aggregates are generally stronger than 
the aggregate itself. Thus, the strength of the aggregate mainly controls the value of the 
compressive strength. While for NSC, the cement paste is generally the main controller of the 
concrete compressive strength. Furthermore, HSC has a sudden explosive manner when fails 
unlike NSC which gradually fails; one of the most significant characteristic differences 
between NSC and HSC is the failure mode at ultimate. The shape of the ascending branch of 
concrete stress-strain curve becomes more linear and steeper as the compressive strength 
increases, and the slope of the descending part also becomes steeper. At loading HSC, two 
stages generally are observed, the linear elastic stage which induces between 70-85% of the 
peak load and curved plastic stage where the load increases ending by a sudden failure. 
HSC has been increasing due to its advantages over NSC. HSC usually includes ingredients 
with high resistant to chloride damage and other chemical attacks. It’s highly durable, due to 
its low permeability, and hence requires low maintenance cost. HSC allows the designers to 
produce minimized structural sections, due to the superior performance, providing the 
serviceability limits are satisfied. HSC is favourable in concrete bridges and high-rise buildings 
especially in columns. Numerous buildings and bridges have been constructed using HSC. For 
building examples, Taipei 101 in Taiwan 2004, Brillia tower in Tokyo 2004, 505 5th Avenue 
in New York 2004, and Bay Adelaide Center in Toronto 1991. While, for bridge examples, 
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State route 920 over I-75 in Georgia 2002, Federation Bridge Prince Edward Island in Canada 
1997, and Portneuf in Quebec 1992. 
2.3 Research on steel-RC columns  
Research on columns with NSC initiated early by the 1900s in which the basic concepts were 
first introduced. Experimental and analytical Investigations contributed to produce the first 
version of guidelines for the design of sections under axial or combined flexure-axial loading. 
These Investigations are also considered main references for future research.  
Hognestad (1952) tested 120 steel-RC column specimens with NSC of which 90 were 10-in. 
(250 mm) square tied columns with 1.46% to 4.8% percent, and 30 were 10-in. (300 mm) 
cylindrical spiral columns with 4.25% longitudinal reinforcement. The specimens’ total heights 
varied between 1900 mm for rectangular specimens and 2200 mm for circular specimens, in 
which the testing regions kept constant at 1270 mm for all. The eccentricity-to-lateral 
dimension varied between 0 to 1.25. Load was applied through "knife-edges" at the top and 
bottom support of all columns except the concentrically loaded spiral columns which were 
tested with flat ends. The test results mainly showed two modes of failure, compression failures 
and tension failures. The compression failures were characterized by crushing of the concrete 
at the compression face while stresses in the tension reinforcement were less than the yield 
point. Tension failures, on the other hand, were characterized by yielding in the tension 
reinforcement followed by large deformations and considerable movements of the neutral axis 
before crushing of the concrete took place. Based on past studies and phenomena observed in 
the present tests, a general inelastic flexural theory was developed of which the behavior of the 
test columns as well as the ultimate loads could be predicted. This theory served as an important 
basis in developing approximations suitable for design and extending the range of such 
approximations beyond the limitations of existing test data. The joint ACI-ASCE committee 
was formed in 1952 on a goal of ultimate strength design. It was hence desirable to improve 
and extend the knowledge regarding the stress block. Hognestad et al. (1955) developed a test 
method of unreinforced concrete specimens to maintain the neutral-axis at a face of the test 
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specimen throughout the test by applying a major and a minor load at two different positions. 
Thereby complications resulting from tensile stresses in the concrete were eliminated. The 
average compressive stress in the concrete then always equaled the total axial load divided by 
the section area, and the centroid of the stress block coincided with the eccentricity of the total 
applied load. The setup has been known now as “Hognestad setup”. The flexural stress-strain 
relationship of the concrete was eventually determined from zero load to failure by numerical 
differentiation. 
 
Figure 2.1– Test method developed by Hognestad et al. (1955) 
Mander et al. (1988a and 1988b) presented an important reference of a stress-strain model for 
confined concrete through their experimental and analytical investigations. The experimental 
program included testing 31 nearly full-size at axial loading. The tested specimens were all 
reinforced, of circular, square, or rectangular wall cross section, and containing various 
arrangements of reinforcement. The longitudinal stress-strain behavior of the confined concrete 
was measured and compared with that predicted by a previously derived stress-strain model 
allowing the effects of various configurations of transverse confining reinforcement, cyclic 
loading, and strain rate to be examined. 
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Figure 2.2– (a) Stress-Strain Model Proposed for Monotonic Loading of Confined and 
Unconfined Concrete; (b) Effectively Confined Core for Circular Hoop Reinforcement 
(Mander et al. 1988b) 
Sheikh and Toklucu (1993) conducted an experimental program to evaluate the effects of 
different variables, such as the amount, spacing of spiral steel and specimen size, on the 
behavior of confined concrete, and to evaluate the requirements of ACI 318 (1989) related to 
the minimum volumetric ratio and maximum spacing of spiral steel. A total of 27 specimens 
consisting of nine each of 14-in. (356-mm), 10-in. (254-mm), and 8-in. (203-mm) diameter 
columns reinforced with spirals or hoops and longitudinal steel were tested under monotonic 
concentric compression. They reported that strength and ductility of confined concrete 
increased with an increase in the amount of lateral steel, the strength enhancement being much 
less sensitive than ductility. The 80-mm limit on spacing appears unnecessarily restrictive for 
large columns. In addition, the they claimed the requirement of a minimum of six bars to be 
unnecessary and difficult to meet in small columns provided appropriate proper confining. 
They also examined the size effect in which columns with similar reinforcement ratio and 
similar spiral/hoop spacing-to-diameter ratio behaved similarly, irrespective of their sizes. The 
performance of circular hoops was also checked in this study where it was efficient in confining 
concrete as spirals in three different sizes of columns. They eventually found that well-confined 
(a) (b) 
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columns achieved increases in concrete strength due to confinement in range between 2.1 and 
4.0 times the lateral pressure. 
 Ibrahim and MacGregor (1996a, 1996b and 1997) tested 20 RC columns under eccentric loads 
to study the flexural behavior of rectangular and triangular compression zones of HSC and 
UHSC. The specimens had different concrete strengths and confinement steel arrangements 
and were tested under the action of two independent loads, as previously described in the 
research of Hognestad (1955). The results revealed that the stress-strain curves of the HSC 
specimens had short descending branches, while the curves of the Ultra-HSC (UHSC) 
specimens did not have descending branches. They found that a cylinder stress-strain curve 
with a peak stress equal to '0.9 cf  could conservatively represent the stress-strain curve of an 
eccentrically loaded column in the ascending part of the loading history before spalling of the 
concrete cover. In addition, the shape of the compression zone was an important parameter in 
determining the ductility of the section. The triangular compression zones exhibited more 
ductile behavior than the rectangular compression zones. Furthermore, they compared the 
results on 90 tests of concentrically and 94 tests of eccentrically loaded columns made from 
NSC, HSC, and UHSC to compare their strength results with predicted results using the ACI 
rectangular stress block (ACI 318 1995). This comparison indicated the ACI was not 
conservative for HSC column sections that failed in compression. New equations for the 
parameters that define the ACI rectangular stress block were suggested and compared to tests. 
Lee and Son (2000) tested 32 column specimens under monotonically increasing axial load 
with eccentricity. The concrete compressive strength varied from 34.9 to 92.3 MPa and the 
longitudinal steel ratios were between 1.13 and 5.51%. Test results were compared with 
analytical column strengths by use of the ACI rectangular stress block, the trapezoidal stress 
block, the modified rectangular stress block, and moment-curvature analysis. They observed 
during tests that the concrete cover spalling zone tended to be larger as concrete compressive 
strength and steel ratio increased and as slenderness ratio and initial eccentricity decreased. 
The calculated strengths in compression control region showed significant differences between 
the ACI rectangular, trapezoidal, and modified rectangular stress blocks as well ass with the 
test values. The ACI rectangular stress block (ACI 318 1995) calculated higher column 
strengths than the other two stress blocks, and resulted in an overestimate of column strengths 
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for the lightly reinforced high-strength column specimens. They eventually recognized that the 
analytical column strengths by moment-curvature analyses are highly affected by k3 values of 
the concrete stress-strain curve and suggested further research on the k3 value and column size 
effect may be needed for practical design, as shown in Fig. 2.3. 
  
Figure 2.3– Normalized strength of low-strength concrete columns: (a) L series with NSC 
and (b) H series with HSC (Lee and Son 2000) 
2.4 Research on FRP-RC columns 
Paramanantham (1993) initiated the first study addressing columns by testing 17 square 
columns with slenderness kl/r =30, this study was a part of his M.sc dissertation. All columns 
had the same size of 200 mm sides and 1800 mm total height with end-haunches and reinforced 
longitudinally with 2% GFRP bars. The lateral ties provided by #3 each 100 mm. The ultimate 
tensile strength and tensile Young’s modulus varied between 550 MPa to 590 MPa and between 
38 GPa to 41 GPa, respectively. It should be noted that GFRP bars produced today by different 
companies had higher tensile strengths than these values. All specimens failed due to crushing 
of concrete. Interaction diagram of the tested specimens were developed and compared with 
predictions. 
(a) (b) 
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Mirmiran (1998) developed an important analytical model to investigate the lengths effects on 
FRP-RC concrete columns. The model considered the constitutive properties of materials 
including concrete, steel and FRP rebar. The compressive behaviour of concrete was modelled 
by the unconfined second-degree parabola proposed by Hognestad (1952), while the tensile 
properties was ignored. A tri-linear strain hardening model was incorporated for steel rebar 
while a linear-elastic response was considered for FRP rebar until failure. The variables 
included the compressive-to-tensile strength ratio of FRP rebar. The second-order effect was 
also implemented in the model by integrating deflections over the length of the column. The 
model was validated with 4 square CFRP-RC columns with 152 mm sides. It should be noted 
that the tensile strength and tensile Young’s modulus were: 1345 MPa and 64.8 GPa for 
Aramid-FRP (AFRP) rebar; 500 MPa and 29.65 GPa for GFRP rebar; 1000 MPa and 96.5 GPa 
for CFRP rebar. These values are quite smaller than todays’ products. In addition, the properties 
of the AFRP used in his study is quite similar to the high-modulus (HM) GFRP rebar produced 
by Pultral (2012). His findings included a comparison of different reinforcement through 
developing several interaction diagrams, as shown in Fig. 2.4.  
 
Figure 2.4– Strength Interaction Diagrams for various Reinforcement Materials (Mirmiran 
1998) 
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The results of this study may be, however, considered invalid for applications today due to the 
differences of FRP materials produced today. Figure 2.5 shows a family of interaction diagrams 
including the slenderness effect. 
  
  
Figure 2.5– Slender Column Interaction Diagrams for Different Reinforcement Rebar: (a) 
glass, (b) aramid, (c) carbon, and (d) steel (Mirmiran 1998) 
The effect of reinforcement ratio and material were presented in the form of Figs 2.6 and 2.7. 
Figure 2.6 depicts the strength reduction as a function of eccentricity ratios. ACI 318 (1995) 
allowed a 5% reduction of strength before slenderness effects are considered. Figure 2.7 shows 
the plots of slenderness ratios for a 5% strength reduction as a function of eccentricity ratios. 
He concluded, based on these results, that slenderness limits shall be reduced by 5%, 15% and 
22% for aramid, carbon and glass rebar, respectively, if the minimum reinforcement ratio is 
held at 1%. Later, Mirmiran et al. (2001) recommended, based on their parametric studies, that 
the current slenderness limit of 22 for steel-RC columns bent in single curvature be reduced to 
(a) (b) 
(c) (d) 
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17 for FRP-RC columns. They claimed also that the variation in tensile strength of typical FRP 
bars does not affect slenderness of RC columns. Choo et al. (2006a) conducted a similar 
analytical study as a part of Choo’s Ph.D. dissertation with similar findings. They extended 
their study by developing sets of charts to identify the minimum required reinforcement FRP 
ratio to prevent rupturing of bars (Choo et al. 2006b). 
 
Figure 2.6– Effect of reinforcement ratio and material on strength reduction (Mirmiran 1998) 
 
Figure 2.7– Effect of reinforcement ratio and material on slenderness limit (Mirmiran 1998) 
Afifi (2013c) conducted experimental and analytical programs on circular concrete columns 
reinforced with FRP bars and spirals under concentric axial loading, as a part of his Ph.D. 
dissertation. The current study represents an extension to his study among a mother project 
targeting the analysis and design of FRP-RC members. Throughout his work in the dissertation, 
 
2.4 Research on FRP-RC columns 37
 
  
several findings were attained, and came into sight by several Publications (Afifi et al. 2013a, 
2013b, 2014, and 2015; Mohamed et al. 2014). The experimental program includes testing of 
27 circular concrete columns having 300 mm diameter and 1500 mm height. The testing 
variables were the type of reinforcement (None, steel, GFRP or CFRP); longitudinal 
reinforcement ratio; volumetric ratios, diameters, and spacing of spiral reinforcement; 
confinement type (spirals vs. hoops); and lap length of hoops. The testing results revealed that 
FRP bars were effective in resisting compression until after crushing of concrete, and 
contributed on average 8% and 13% of column capacity for GFRP and CFRP RC specimens, 
respectively. The authors reported that ignoring the contribution of FRP longitudinal bars in 
the CSA S806 (2012) design equation underestimated the maximum capacity of the tested 
specimens. They suggested a modification to the design equation to accurately predict the 
ultimate load capacities of FRP RC columns. Figure 2.8 summarize the effect of the test 
parameters presented in Afifi et al. (2013b) addressing the behavior of CFRP-RC specimens. 
It was observed from this figure that the steel-RC and CFRP-RC specimens with similar values 
of axial stiffness (EA) achieved similar strengths (S6C-3H80 and C10V-3H80). The second 
observation is that CFRP-RC specimens had limited post-peak behavior even with high 
confinement.  
 
Figure 2.8– Effect of test parameters of the tested CFRP-RC specimens on load-strain curves 
(Afifi et al. 2013b) 
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The authors reported that the failure of CFRP bars was in the form of breaking the bars into 
many small pieces in the test region. They described the failure to be different than the rupture 
failure under tension load, which often showed randomly fracture carbon. These observations 
were consistent with the test results by other study obtained on CFRP-RC columns (Sharbatdar 
2003). Figure 2.9 presents a clear comparison of the test specimens in terms of test parameters. 
Figure 2.9a revealed that steel-RC and GFRP-RC specimens behaved similarly and achieved 
similar strengths as well as similar post-peak response. 
 
Figure 2.9– Effect of test parameters on the load–strain curves of the tested GFRP-RC 
specimens: (a) type of reinforcement; (b) longitudinal reinforcement ratio; (c) GFRP spiral 
spacing; (d) stirrup diameter; (e) transverse size/spacing configuration (Afifi et al. 2013a) 
Figure 2.9b revealed that increasing reinforcement ratio slightly increased the maximum load 
with enhanced stiffness. The post-peak enhanced as closer as the spirals spaced, as shown in 
Fig. 2.9c. Specimens confined with spirals no. 2 had a fast softening response than other 
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specimens, as shown in Fig. 2.9d. The performance of spirals no. 3 and no.4 was quite similar. 
Proposed equations and confinement model were also presented to predict the axial stress-
strain behavior of FRP RC columns confined by FRP spirals or hoops. The model modified 
Mander’s model based on the test results. 
Several studies have been published recently by a research group in University of Wollongong 
on the behavior of GFRP-RC columns under axial and/or eccentric loading (Hadi and Youssef 
2016; Hadi et al. 2016 and 2017; Karim et al. 2016, 2017a, 2017b). These studies include 
experimental and analytical investigations of various parameters. The experimental program 
used square cross section of 210 mm sides and 800 mm height and/or circular sections of 
diameter 205 mm and height 800 mm. The specimens tested under concentric loading; 
eccentric loading of 25 mm and 50 mm; and/or two-point loading flexure. The test variables 
were the type of reinforcement (steel vs. GFRP); external confinement or none; internal 
reinforcement or none; normal concrete or fiber-reinforced concrete. The analytical program 
included developing interaction diagrams; parametric studies; estimation of ductility. 
Their concentric GFRP-RC specimens exhibited second peak points indicating proper 
confinement, provided by helices spaced each 30 mm or 60 mm. The closely spaced specimen 
exhibited, however, higher second peak than the other (Hadi et al. 2016). They reported that 
reducing the GFRP helices pitch from 60 to 30 mm led to an improvement in the performance 
of the GFRP-RC specimens in terms of load-carrying capacity, bending moment, and ductility. 
They also reported that the contribution of the longitudinal steel bars in the load carrying 
capacity of the concentric column specimens was about twice the contribution of the 
longitudinal GFRP bars, whereas the ductility of the GFRP-RC column specimens was slightly 
greater than the ductility of the reference steel-RC column specimens under different loading 
conditions. Karim et al. 2017 addressed the limits of FRP reinforcement in members with 
different cross sections and different bar arrangements. The study findings include proposing 
an equation for calculating the deformability factor (DF) using integration of the concrete 
layers through Popovics’s model (1973), in which the DF is a ratio of the product of moment 
and curvature at ultimate to the product of moment and curvature at serviceability limit state.

 CHAPTER 3  
Failure Envelope of Circular Concrete Columns 
Reinforced with GFRP Bars and Spirals  
(ACI structural Journal, V. 114-6, in press) 
 
Abstract 
This paper presents the results of an experimental investigation on the eccentric behavior of 10 
circular concrete columns reinforced with glass-fiber-reinforced-polymer (GFRP) bars and 
spirals. The columns measured 1500 mm (60 in.) in length and 305 mm in diameter (12 in.). 
The test variables were the eccentricity-to-diameter ratio and the longitudinal-reinforcement 
ratio. The columns were subjected to predesigned different levels of eccentricities to develop 
the failure envelope (axial load–moment interaction diagram). Compression failure due to 
concrete crushing controlled the ultimate capacity of specimens tested under low eccentric 
loading. Flexural–tension failure initiated in specimens tested under high eccentric loading, 
however, resulted from large axial and lateral deformations and cracks on the tension side until 
a secondary compression failure occurred due to the strain limitations in concrete and 
degradation of the concrete compressive block. 
The axial force–moment interaction diagrams were predicted based on the principles of strain 
compatibility and internal force equilibrium and following the recommendations of the 
available design standards/guidelines and recent research work on GFRP-RC columns. The 
analysis results revealed that ignoring the contribution of GFRP bars in compression 
conservatively underestimated the axial–flexural capacity of test specimens. 
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3.1 Introduction 
Circular reinforced-concrete sections have been widely used in civil-engineering projects, 
especially in bridge pier columns and pile applications such as pile walls, pile foundations, and 
quay walls. These sections are used to resist vertical loads (such as traffic) and lateral loads 
(such as wind load, lateral shock, braking force, and lateral earth pressure.). Moreover, in some 
cases, due to live load, they are under potential eccentric compression. As a result, the design 
should consider the eccentric compression forces and bending moments. Steel reinforcement 
has a limited service life and entails high maintenance costs due to corrosion when used in 
aggressive and/or harsh marine environments (typical in most regions in North America). This 
cost has spurred interest in alternative noncorrosive reinforcing materials such as fiber-
reinforced-polymer (FRP) bars. FRP bars offer many advantages over conventional steel bars: 
a density of one-quarter to one-fifth that of steel; greater tensile strength than steel; and no 
corrosion, even in harsh chemical environments (Mohamed and Benmokrane 2015). Recent 
years have seen valuable research work on and widespread applications of FRP bars as flexural 
and shear reinforcement for concrete structures (ACI 440.1R-15). Nonetheless, the eccentric 
behavior of FRP reinforced concrete (RC) members has not yet been defined. The testing of 
FRP bars in compression is typically complicated by the occurrence of fiber micro-buckling 
due to the anisotropic and nonhomogeneous nature of the FRP material. Therefore, a standard 
test method for FRP bars under axial compressive loading has not yet been introduced. On the 
other hand, due to a lack of experimental data, FRP bars have not been recommended to resist 
compression stresses as longitudinal reinforcement in columns or compression reinforcement 
in flexural elements (ACI 440.1R-15). Moreover, Canadian codes (CSA S6-14 and CSA S806-
12) neglect the contribution of the compressive resistance of FRP longitudinal reinforcement 
in the compression zone in flexural and compressive concrete members. 
Recent research has proven the applicability of using reinforcing FRP bars in concrete columns 
subjected to concentric loading (Zadeh and Nanni 2013). Moreover, it has been demonstrated 
that further research is necessary to investigate the behavior of FRP-RC columns subjected to 
combined flexural and axial loading (Tobbi et al. 2012; Afifi et al. 2013a)  
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Valuable theoretical approaches to the behavior of concrete columns reinforced with FRP bars 
subjected to combined flexural and axial loads have been introduced (Choo et al. 2006a, and 
2006b; Zadeh and Nanni 2013). Zadeh and Nanni (2013) developed a methodology to design 
concrete columns reinforced with GFRP bars and ties. They considered the use of GFRP bars 
in tension only with a maximum strain limit of 1%, whereas the bars in compression could be 
replaced with an equivalent area of concrete. They also proposed revised modification factors 
for the flexural stiffness of the GFRP-RC columns similarly to that provided by ACI 318-14 
(for steel-RC columns). Choo et al. (2006a) presented an ultimate strength approach using the 
sectional analysis to examine the strength interaction behavior of FRP-reinforced-concrete 
columns with rectangular sections. According to their analysis, the balance points did not 
appear in the strength interactions of these columns due to the differences in material 
stress/strain responses. These columns may have exhibited, however, increased moment 
resistance at low axial-load levels. The analytical results show that the columns tended to 
undergo brittle tension failure associated with a tensile rupture of the FRP bars. Thus, Choo et 
al. (2006b) proposed using a certain reinforcement ratio (ρf, min) to transition this type of failure 
to one controlled by concrete crushing.  
Xue et al. (2014) conducted a relevant investigation involving seven 300 x 300 mm GFRP-RC 
columns subjected to eccentric loading. The results show that the failure of the GFRP-RC 
columns was usually initiated by concrete crushing, followed by buckling of the longitudinal 
GFRP bars in compression.  
So far, however, limited research has been conducted on the eccentric behavior of FRP-RC 
columns. Moreover, no experimental research has been found on the eccentric behavior of 
concrete columns reinforced with FRP bars with a circular section. A targeted experimental 
program is under way at the Université de Sherbrooke to study the performance of concrete 
columns reinforced with FRP bars and spirals/ties. The experimental research undertaken so 
far has investigated the behavior of rectangular (Tobbi et al. 2012 and 2014) and circular 
columns (Afifi et al. 2013a, 2013b, 2014, 2015 and Mohamed et al. 2014a) under concentric 
loading. The test results reported on herein relate to 10 full-scale circular columns reinforced 
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with GFRP bars and spirals subjected to eccentric loading. The test parameters included 
longitudinal-reinforcement ratio and eccentricity-to-diameter ratio. 
3.2 Research Significance 
Due to the lack of research on FRP-RC columns subjected to concentric/eccentric loading, ACI 
440.1R-15 design guidelines do not recommend using FRP as longitudinal reinforcement in 
columns or as compression reinforcement in flexural elements. This guide might be revised 
when more data becomes available. Our study is intended to provide engineers and researchers 
with a better understanding of the eccentric behavior of GFRP-reinforced-concrete (RC) 
columns with circular sections. The failure envelope, axial and lateral deformations, strain 
behavior of GFRP bars on the tension and compression sides, and failure results of 10 columns 
subjected to predesigned different levels of eccentricities are presented in detail. The test results 
were predicted based on the plane-section analysis either considering or ignoring the 
compression contribution of GFRP bars in developing the axial load–moment interaction 
diagram. 
3.3 Experimental Program 
In this study, 10 full-scale circular RC columns were prepared and tested under monotonically 
increasing concentric and eccentric loading. Eight specimens were tested under eccentric 
loading; two were tested under concentric loading. All the specimens measured 305 mm (12 
in.) in diameter and 1500 mm (60 in.) in height, and were totally reinforced with GFRP bars 
and spirals.  
3.3.1 Materials 
Sand-coated GFRP bars and newly developed GFRP spirals were used to reinforce the column 
specimens in the longitudinal and transverse directions, respectively. The GFRP longitudinal 
bars and spirals were made of continuous E-glass fibers impregnated in a thermosetting vinyl-
ester resin, additives, and fillers. No. 5 GFRP bars were used as longitudinal reinforcement for 
 
3.3 Experimental Program 45
 
  
all the GFRP-RC columns. No. 3 GFRP spirals were used as transverse reinforcement. The 
tensile properties of the FRP reinforcement were determined according to ASTM D7205 
(2011), as reported in Table 3.1. All the column specimens were cast on the same day with 
normal-weight, ready-mixed concrete with an average compressive strength of 35 MPa. The 
actual compressive strength was determined based on the average test results of 10 concrete 
cylinders tested on the same day as the start of testing of the column specimens. 
Table 3.1 – Mechanical properties of the GFRP reinforcement 
Bar  
Size 
Diameter 
(mm) 
Area 
(mm2) 
Elastic Tensile  
Modulus 
(GPa) 
Tensile  
Strength 
(MPa) 
Tensile 
Strain 
(%) 
# 3 9.5 71 52.5±2.5 ffu = 1328 2.30 
# 5 15.9 199 54.9±2.5 ffu = 1289 2.40 
3.3.2 Test Matrix and Specimen Preparation 
The test matrix was designed to investigate the eccentric behavior of GFRP-RC columns. In 
this study, all the specimens were reinforced longitudinally with No. 5 GFRP bars and 
transversely with No. 3 GFRP spirals. Table 3.2 provides the test matrix and reinforcement 
details of the column specimens. The specimens were introduced in two series. Series I 
included five specimens (C1-I, EC1-I, EC2-I, EC3-I, and EC4-I) longitudinally reinforced with 
8 No. 5 GFRP bars. Series II included five specimens (C1-II, EC1-II, EC2-II, EC3-II, and EC4-
II) longitudinally reinforced with 12 No. 5 GFRP bars. Specimens C1-I and C1-II were tested 
under pure axial loading, while the other specimens were tested under increasing monotonic 
eccentric loading. Four eccentricity-to-diameter ratios were estimated and applied (8.2, 16.4, 
32.8, and 65.6%) to develop the nominal failure envelope. The specimen design and analysis 
were carried out according to the recommendations of CSA S806 (2012) code. The practice 
and previous experience from field applications were considered in determining the amount of 
longitudinal reinforcement. According to CSA S806-12, circular columns should have a 
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minimum of six bars. In our study, however, limited flexural resistance was expected. 
Therefore, we decided to use eight bars for the first series as a minimum range to provide 
tangible flexural resistance. The number of bars was then increased to 12 in the second series 
to study the effect of the longitudinal-reinforcement ratio.  
Table 3.2 – Test matrix and specimen details 
 
Series No. 
 
Specimen 
ID 
Longitudinal 
Reinforcement
( f %) 
Spirals 
Eccentricity 
e 
(mm) 
e/D 
(%) 
I 
C1-I* 
 
8 No. 5 
(2.18) 
No. 3@80mm
 
--- 0 
EC1-I** 25 8.2 
EC2-I 50 16.4 
EC3-I 100 32.8 
EC4-I 200 65.6 
II 
C1-II 
12 No. 5 
(3.27) No. 3@80mm
--- 0 
EC1-II 25 8.2 
EC2-II 50 16.4 
EC3-II 100 32.8 
EC4-II 200 65.6 
C*: pure axial load using concentrically loaded column  
EC**: combined bending and axial load using eccentrically loaded column  
 
GFRP cages were assembled for the various column configurations, as shown in Fig. 3.1. Each 
coil of GFRP spiral reinforcement consisted of one complete helical spiral without any lapped 
splices. The spiral pitch for all specimens was reduced to 50 mm outside the free region at both 
ends of the columns (250 mm in length) to avoid premature failure, as shown in Fig. 3.2. The 
concrete cover was kept constant at 25 mm from the face of the spirals.  
3.3.3 Instrumentation and Test Setup  
The specimens were instrumented by attaching electric strain gauges to measure strains in the 
longitudinal bars, spirals, and concrete surfaces. Moreover, linear potentiometers (LPOTs) 
were mounted to measure the axial and lateral displacements. Before casting, strain gauges 
were fixed on the outermost longitudinal bars and the spirals on both the tension and 
compression sides. All gauges were located on the columns mid-height at the positions where 
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the maximum strains were expected. Before the testing process, the top and bottom surfaces 
were leveled to ensure uniform load distribution. The columns were placed on predesigned 
steel leveling plates to adjust leveling, and then a thin grout layer was cast on that end. The 
next day, the columns were flipped to level the other end. This study used two setup types: 
concentrically loaded (CL) and eccentrically loaded (EL). The CL setup consisted of two bolted 
steel collars (4.0 mm thick and 60.0 mm high) attached to the column ends to prevent premature 
failure at these locations. Flat-edge loading was applied in this case. The EL consisted of two 
predesigned rigid steel end caps (250 mm height) tubular in shape, as shown in Fig. 3.3. Each 
end cap was bolted to a 40-mm diameter roller bearing. The end cap consisted of two units: the 
first was a 25-mm flat plate welded to a 15-mm semi-circular plate; the other unit was a 15-
mm semi-circular plate coincident with and clamped to the first unit with 3 M15 (15 mm 
diameter) bolts on each side. The EL setup was fabricated from high-strength steel. The whole 
assembly was stiffened and welded with 25 mm outward-radiating stiffeners. The eccentricity 
was adjusted for each specimen by changing the position of the roller bearing. So, the loading 
was applied through the knife edge, represented by the roller bearing at the column edges. The 
EL test setup was fabricated and calibrated before testing to ensure the eccentricity was applied 
as intended.  
 
Figure 3.1– Samples of the assembled GFRP cages and cross sections (series I and II) 
  
Series I
Series IISeries I Series II
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Figure 3.2– Geometry and section details (dimensions in mm) (Note: 1 mm = 0.0394 in) 
 
Figure 3.3– Test setup for eccentric columns 
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3.4 Experimental Results and Discussion 
3.4.1 General Behavior, Strength, and Failure Modes  
The failure mechanisms of test specimens were affected significantly by the level of the applied 
eccentricity. The failure mode of the concentric columns (C1-I and C1-II; zero eccentricity) 
was comparatively brittle and more sudden and explosive than that of the eccentric column 
specimens. During testing, limited vertical hairline cracks started to appear at approximately 
85% to 95% of the columns’ peak loads at around the mid-height. Prior to that, the concrete 
cover was visually free of cracks. The vertical cracks gradually increased and widened as the 
column load increased up to the peak point. The maximum peak load recorded for C1-I and 
C1-II was 2608 and 2670 kN, respectively. Test observation indicated that the cracks and cover 
spalling often initiated on one side. Then, the cracks soon propagated to the other sides. After 
that, the columns lost 10% to 20% of their maximum capacities due to the sudden spalling of 
the concrete cover. Beyond this point, the confining restraint provided by the spiral was 
activated and the column was again able to carry increased load, and the concrete core reached 
its maximum stress. As a result, the columns sequentially exhibited a sudden and explosive 
fracture of the GFRP spirals; rupture and buckling of the longitudinal GFRP bars; and, finally, 
crushing of the concrete core. The failure of these specimens was very similar to those reported 
by Afifi et al. (2013a).  
According to the test results and observations, the applied loading eccentricity was 
characterized by four different levels: low, moderate, high, and extreme for eccentricity-to-
diameter ratios of 8.2%, 16.4%, 32.8%, and 65.6%, respectively. Due to the high ultimate 
tensile strain of the GFRP bars (εfu=1.99%), the primary or secondary failure mode was always 
governed by or dependent on the concrete strain limitation.  
Before presenting detailed description of the failure mechanism of each column, a general view 
of the eccentric columns is in order. Column stress constantly increased from the origin to a 
point at which microcracks initiated. While the microcracks were propagating inside the 
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concrete core, the stress gradually increased at a lower rate. Then, flexure–compression cracks 
initiated at approximately 95% of the peak load on the compression side at the column mid-
height. On the tension side, the flexural–tension cracks initiated at different load levels 
(according to the level of eccentricity-to-diameter ratio), which helped reduce the increase rate 
of the stress. When the peak load had been reached, the existing cracks along with the bar 
deformation contributed to splitting the concrete cover, causing cover spalling and, 
consequently, concrete crushing. Neither the longitudinal bars nor the spirals ruptured. Figure 
3.4 shows different sections for all the eccentric columns presented herein. After the peak load, 
strength decay occurred, followed by a softening plateau or hardening response.  
 
Figure 3.4– Different views of failure modes of the eccentric columns 
Under low eccentric loading (EC1-I and EC1-II), column stress constantly increased until the 
initiation of microcracks at load levels of 45% and 62% of their peak loads, respectively. Once 
the peak load had been reached, cover spalling occurred, accompanied by concrete crushing in 
part of the concrete core. The concrete crushing in these columns was noticeably less brittle 
than their counterparts tested under concentric loading. After the peak load, EC1-I and EC1-II 
underwent strength decays of 26% and 17%, respectively. Flexural–tension cracks were 
observed as the load decayed, rapidly propagating along the column height and spreading to 
mid-column. EC1-I and EC1-II exhibited a reduction in peak load of approximately 20% 
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compared to C1-I and C1-II. This reduction can be calculated by dividing the ultimate loads of 
these specimens to their counterparts tested under pure axial loading (% reduction = 1- Pe=25mm 
/ Pconc. = 1- 2100 (2123) / 2608 (2670) =20%). 
Under moderate eccentric loading (columns EC2-I and EC2-II), column stress constantly 
increased until the initiation of microcracks at load levels of 40% and 53%, respectively. On 
the tension side, flexural–tension cracks initiated at load levels of 67% and 65%, respectively. 
Cover spalling, followed by much less brittle concrete crushing than EC1-I and EC1-II, were 
observed. After the peak load, EC2-I and EC2-II underwent strength decays of 26% and 13%, 
respectively. EC2-I and EC2-II experienced a reduction in peak load of approximately 42% 
compared to C1-I and C1-II. 
Under high eccentric loading (columns EC3-I and EC3-II), flexural–tension cracks in the 
columns initiated early on and propagated along column height at load levels of 13% and 11%, 
respectively. The stress gradually increased until the initiation of microcracks at load levels of 
27% and 33%. After the peak load, EC3-I and EC3-II experience small strength decays of 13% 
and 10%, respectively. EC3-I and EC3-II experienced a reduction in peak load of 
approximately 70% compared to C1-I and C1-II. 
Under extreme eccentric loading (columns EC4-I and EC4-II), the flexural–tension cracks in 
the columns initiated very early on and spread extensively along column height and to mid-
column at load levels of 11% and 10%. The stress gradually increased until the initiation of 
microcracks at load levels of 23% and 26%, respectively. After the peak load, the columns 
experienced slight strength decays of 6% and 2%, respectively. Loading continued until the 
columns could not withstand the applied axial force or until they reached the maximum 
displacement capacity of the testing machine. Normally, the loading would have continued 
until the GFRP bars ruptured catastrophically, but, for safety reasons, loading was stopped 
before that point. EC4-I and EC4-II experienced a reduction in peak load of approximately 
87% compared to C1-I and C1-II. 
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In summary, the failure mechanism of the columns tested under low and moderate eccentric 
loading was characterized by compression failure due to cover spalling, followed by concrete 
crushing of the compressive concrete block. For these columns (EC1-I, EC1-II, EC2-I, and 
EC2-II), loading was adjusted to stop when the strength decay reached 30% after the peak load. 
These findings were in a good agreement with a recent study on high-strength concrete (HSC) 
columns tested by the same authors (Hadhood et al. 2017a). In the case of the columns tested 
under high (e/D=32.8%) and extreme (e/D=65.6%) eccentric loading, their failure cannot 
simply be attributed to concrete crushing, but was rather dependent on the properties of the 
GFRP bars considering the concrete strain limitation. As the longitudinal GFRP bars were 
linear up to failure, they were able to develop higher stresses at higher strains, even when the 
concrete reached its maximum strain (εcu). Consequently, after the cover spalled, the bars on 
the compression and tension sides developed high compressive and tensile strains, respectively, 
required to maintain section equilibrium under constant axial force and increased secondary 
bending moment (resulting from an increase in lateral deformations) as the concrete 
compressive block gradually degraded. The test results indicate that the estimated curvature 
for these specimens (EC3-I, EC3-II, EC4-I, and EC4-II) at peak load ranged from 0.007/d 
(0.027 rad/m) to 0.009/d (0.035 rad/m). The curvature of these specimens was calculated by 
adding the strains of the concrete and the tensile bars and dividing by the depth (d), where d is 
the distance from the concrete surface on the compression side to the centroid of the outermost 
bars on the tension side. ACI 318-14 considers a failure tension controlled whenever the 
curvature is greater than 0.008/d (corresponding to a strain in the steel of 0.005). In essence, 
the failure could be described as flexural–tension failure resulting from large axial and lateral 
deformations and visible wide cracks on the tension side until a secondary compression failure 
occurred due to strain limitations in concrete and degradation of the concrete compressive 
block. 
3.4.2 Axial- and Lateral-Displacement Responses 
Figures 3.5 and 3.6 provide the load versus the axial-displacement response for the eccentric 
columns. The axial displacement was measured between the cross heads of the machine using 
two linear potentiometers (LPOTs). A significant decrease in the initial axial stiffness was 
observed with each increase in eccentric loading. Generally, an initial linear branch was 
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observed in the columns up to a certain load level, followed by a semilinear ascending branch 
that developed up to peak load. This branch was characterized by a gradual loss of initial 
stiffness, mainly due to microcrack propagation on the compression side and flexural–tension 
cracks (for columns tested under high and extreme eccentric loading). In comparison to C1-I 
and C1-II, the initial stiffness in these columns decreased to 60%, 38%, 21%, and 8% due to 
low, moderate, high, and extreme eccentric loading. It was also observed that the axial 
displacement at the peak load generally increased as much as the eccentric loading increased. 
After the peak load, the strength decay decreased as the eccentricity of each specimen 
increased. The axial displacement then increased linearly, while the load was constant. The 
response of the load–axial displacement after the peak load was distinctively ductile due to the 
high ultimate strains of the GFRP bars and spirals.  
 
Figure 3.5– Load versus axial displacement (Series I) 
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Figure 3.6– Load versus axial displacement (Series II) 
Figures 3.7 and 3.8 present the load versus mid-height lateral-displacement response for the 
eccentric columns. Mid-height displacements were measured by LPOTs mounted at column 
mid-height. A noticeable decrease in the initial lateral stiffness was observed with each increase 
of eccentric loading. The displacement initially increased at a very slow rate, then an initial 
linear branch developed up to a load level of approximately 52% for EC1-I and EC1-II, 47% 
for EC2-II, 30% for EC3-I and EC3-II, and 25% for specimens EC4-I and EC4-II. After this 
stage, a semi-linear ascending branch developed to peak load. Once the peak load had been 
reached, the displacements progressively increased. At the peak load, the mid-height 
displacements for the columns in the first series were 4, 5.5, 9, and 10.5 mm for EC1-I, EC2-
I, EC3-I, and EC4-I, respectively. The mid-height displacements for their counterpart in the 
second series were 4.5, 6, 9.5, 11 mm for EC1-II, EC2-II, EC3-II, and EC4-II, respectively. 
  
0
500
1000
1500
2000
2500
0 5 10 15 20Axial displacement (mm)
12 No.5 (3.3%)
Spiral No.3@80mmLo
ad
 (k
N)
 
3.4 Experimental Results and Discussion 55
 
  
 
Figure 3.7– Load versus lateral mid-height displacement (Series I) 
 
 
Figure 3.8– Load versus lateral mid-height displacement (Series II) 
  
0
500
1000
1500
2000
2500
0 10 20 30 40
Lo
ad
 (k
N)
Mid-height displacement (mm)
8 No.5 (2.2%)
Spiral No.3@80mm
0
500
1000
1500
2000
2500
0 10 20 30 40
Mid-height displacement (mm)
Lo
ad
 (k
N)
12 No.5 (3.3%)
Spiral No.3@80mm
56 Chapter 3: Failure Envelope of Circular Concrete GFRP-RC Columns
 
3.4.3 Strain Behavior of the Longitudinal GFRP Bars 
The axial strains were recorded for the outermost bars, where the maximum compression and 
tension stresses were expected. Figures 3.9 and 3.10 show the bar-strain behavior at mid-height 
for the eccentric columns. The measured strains on the compression side exhibited a linear 
response in the initial stage until the propagation of microcracks, followed by a gradual semi-
linear response increasing to the peak load. The measured strains on the tension side exhibited 
a linear response up to the initiation of the flexural–tension cracks, followed by a gradual semi-
linear response increasing up to the peak load. 
Under low eccentric loading, the column section was under full compressive stresses until the 
peak load was reached. At that point, the strains in the outermost bar on the compression side 
were -3,700 and -4,400 microstrains for EC1-I and EC1-II, respectively. The average strains in 
the outermost bars on the tension side, however, were minimal. When the peak load was 
reached, the cover spalled, causing a shift in the sectional centroid. As a result, the strains in 
the outermost bars on the tension side changed from compression to tension, and they 
progressively increased until the test halted. In addition, the strains in the outermost bars on 
the compression side continuously increased. The maximum measured average strains, at 
failure, on the compression side were -18,000 and -15,000 microstrains, and the corresponding 
values on the tension side were 9,000 and 7,000 microstrains for EC1-I and EC1-II, 
respectively. 
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Figure 3.9– Load versus longitudinal-bar strain (Series I) 
 
Figure 3.10– Load versus longitudinal-bar strain (Series II) 
Under moderate eccentric loading, most of the section was experiencing compressive stresses, 
and a small part tensile stresses. At the peak load, the average strain in the outermost bars on 
the compression side was -3,360 and -3,560 microstrains, and the corresponding values on the 
tension side were 640 and 930 microstrains for EC2-I and EC2-II, respectively. When the peak 
load had been reached, and the centroid shifted, the strains in the outermost bars continuously 
increased. The maximum measured strains on the compression side were -9,900 and -12,770 
microstrains, and the corresponding values on the tension side were 6,400 and 8,100 
microstrains for EC2-I and EC2-II, respectively. 
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Under high eccentric loading, approximately half of the section was under compressive stresses 
and the rest tensile stresses. At the peak load, the average strain in the outermost bar on the 
compression side was -3,335 and -3,730 microstrains, and the corresponding values on the 
tension side were 3,500 and 3,580 microstrains for EC3-I and EC3-II, respectively. When the 
peak load had been reached, the cover spalled, and a part of the section on the tension side 
cracked. Thus, the sectional centroid moved. The strains in the outermost bars continuously 
increased. The maximum measured strains on the compression side were -8,950 and -12,350 
microstrains, and the corresponding values on the tension side were 7,750 and 9,500 
microstrains for EC3-I and EC3-II, respectively. 
Under extreme eccentric loading, less than half of the section was under compressive stresses, 
and the rest was under tensile stresses. At the peak load, the average strain in the outermost 
bars on the compression side was -2,410 and -2,600 microstrains, and the corresponding values 
on the tension side were 5,620 and 5,750 microstrains for EC4-I and EC4-II, respectively. In a 
similar behavior as the high eccentric loading, the maximum measured strains on the 
compression side were -9,100 and -7,000 microstrains, and the correspondence values on the 
tension side were 11,450 and 8,970 microstrains for EC4-I and EC4-II, respectively. 
In light of the strain results for the GFRP bars, the average strains recorded on the compression 
side, at peak load, for all specimens were approximately -3,200 and -3,570 microstrains for 
series I and II, respectively. This can be represented in the form of compressive stresses at 
approximately 140 and 160 MPa for series I and II, respectively (considering the compressive 
modulus of elasticity is approximately 80% of the tensile modulus of elasticity as reported by 
the ACI 440.1R-15). In other words, the contribution of the GFRP bars for the tested columns, 
at peak, was approximately one-third the contribution gained by the steel bars at yielding 
(fy=460 MPa). On the other hand, the response after the peak load revealed that the GFRP bars 
could sustain higher loads with large deformability up to failure compared to the steel-RC 
columns. This is mainly due to the fact that the steel bars have very low tangent modulus after 
yielding (horizontal plateau) and therefore are more susceptible to buckling under compression 
than GFRP bars, which maintain their modulus of elasticity up to failure (Tavassoli et al. 2015). 
As shown in Fig. 3.9, the maximum strain recorded for the GFRP bars on the compression side 
was at specimen EC1-I, where it reached -18,000 microstrains before the test halted. Similarly, 
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the maximum strains recorded for the GFRP bars on the tension side were at specimen EC4-I, 
where they reached 5,750 microstrains (316 MPa) at peak and 11,450 microstrains (628 MPa) 
before the test halted. It’s worth mentioning that a recent study on eccentrically loaded columns 
using Carbon-FRP bars showed that the maximum compressive strain developed in the CFRP 
bars was 0.51% before they got crushed (Hadhood et al. 2017c). This indicates that the GFRP 
bars have developed higher compressive strains than the CFRP bars when used in columns. 
3.4.4 Concrete-Strain Behavior 
Figure 3.11 shows the concrete strain response at the mid-height level for the eccentric 
columns. The concrete response was essentially elastic until initiation of microcracks or 
flexure–tension cracks. The response was then followed a gradual nonlinear line increasing to 
the peak load. The maximum recorded concrete strains for these specimens varied from 3,574 
to 3,850 microstrains, which is higher than the concrete crushing strain of 3,000 microstrains 
specified by ACI 318-14 or 3,500 microstrains specified in CSA standards (CSA S806-12, 
CSA A23.3-14).  
 
Figure 3.11– Load versus concrete strain on the compression side 
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3.4.5 Influence of the Test Parameters 
The impact of the test parameters was investigated by comparing the test results conducted 
under different levels of eccentric loading. In this study, the eccentric behavior was investigated 
using four eccentricity-to-diameter ratios (e/D = 8.2%, 16.4%, 32.8% and 65.6%) and two 
longitudinal reinforcement ratios (ρf = 2.2% and 3.3%). It was clearly observed from these 
results that the load eccentricity significantly affected the axial and flexural behavior of all 
specimens. The longitudinal-reinforcement ratio) had a slight impact on the pre-peak behavior, 
but a noticeable impact on the post-peak behavior.  
3.4.5.1 Eccentricity-to-Diameter Ratio 
The impact of the eccentricity was obvious in all the relationships. The aforementioned analysis 
of column behavior revealed that crack formation occurred earlier in the specimens tested under 
high eccentricity (e/D = 32.8% and 65.6%) than in the other specimens (e/D = 8.2% and 16.4%) 
on the compression and tension sides. A noticeable change in the failure mechanism was 
therefore reported each time the eccentricity increased. For C1-I and C1-II, the cover spalling 
was rough and quick, leading to a brittle catastrophic failure. As the eccentricity increased, the 
cover spalling became mild and slow, leading to less brittle failure. At low eccentricity, the 
failure was governed by concrete compression failure. The failure at higher eccentricity was, 
however, dependent on the properties of the GFRP bars (flexural–tension failure). Figure 3.12 
shows the impact of increased eccentricity on the ultimate load. An average loss in the ultimate 
load of 20%, 42%, 70%, and 87% (compared to the concentric columns) was reported for 
eccentricity-to-diameter ratios of 8.2%, 16.4%, 32.8%, and 65.6%, respectively.  
3.4.5.2 Longitudinal-Reinforcement Ratio 
A slight enhancement in column strength was observed. Figures 13 and 14 give the normalized 
interaction diagrams for both series. Microcracking occurred slightly faster in the specimens 
with lower reinforcement ratios (Series I) than their counterparts in series II. Moreover, the 
cover spalling phenomenon was much rougher and quicker in the specimens with lower 
reinforcement ratios (Series I) than their counterparts in series II. Consequently, the axial 
capacity for the columns in series I was slightly lower than their counterparts in series II, and 
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the concrete crushing was much more ductile in the specimens with higher reinforcement ratios 
at the same level of eccentricity. On the other hand, the effect of the longitudinal reinforcement 
ratio was more pronounced after the peak load. The columns reinforced with a higher ratio 
exhibited small strength decay as well as a plateau response and, in some cases, a hardening 
response. This was different from the specimens reinforced with a lower ratio that experienced 
higher strength decay and often exhibited a relative softening response. 
 
Figure 3.12– Effect of eccentricity-to-diameter ratio 
3.5 Normalized Interaction Diagram 
Based on the experimental results, the normalized interaction diagram for the two series (series 
I and series II) was developed (see Figs. 3.13 and 3.14). The normalized axial force Kn and the 
normalized bending moment Rn are given by: 
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1 2n n n n nM M M P e P x       (3.3) 
where Ag is the gross sectional area, cf   is the cylinder concrete strength, D is the overall 
diameter, e is the given eccentricity, and x is the lateral displacement at the peak load measured 
at column mid-height. Figures 3.13 and 3.14 also provide the strain distribution for all the 
specimens. The interaction diagram for the tested GFRP-RC columns has the characteristic 
“knee” shape found with steel-RC columns in which the moment resistance increases as the 
axial load decreases until the inflection point (known as the balance point for steel-RC 
columns). At this point, the moment and axial resistances start decreasing simultaneously.  
 
Figure 3.13– Normalized interaction diagrams (Series I) 
 
Figure 3.14– Normalized interaction diagrams (Series II) 
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3.5.1 Theoretical Prediction 
A comprehensive study based on the plane-section analysis conducted for strain profiles was 
established to predict the nominal axial force and bending-moment resistances of the tested 
specimens based on the recommendations in the available design standards (ACI 440.1R-15 
and CSA S806-12). In addition, the outcomes of recent research were also considered to fill 
the design gaps in FRP-RC codes for eccentric FRP-RC columns (Choo et al. 2006a, 2006b; 
Zadeh and Nanni 2013). Given the lack of experimental research, the North American codes 
(ACI 440.1R-15 and CSA S806-12) do not address such columns, and they also neglect the 
contribution of bars in compression if these bars are used in compression or flexural members. 
This study considered the strain compatibility, and force equilibrium to develop the interaction 
diagram for the GFRP-RC columns. Based on the recorded strains of concrete on the 
compression side (Fig. 3.11) and for the outermost GFRP bars on the extreme fibers of the 
compression and tension sides (Fig. 3.9 and 3.10); the strain distributions for the tested 
specimens were almost linear up to the maximum design concrete strain (according to the ACI 
440.1R-15 and CSA S806-12). For instance, the strain readings for the outermost GFRP bars 
of specimen EC4-I, at -3,000 με concrete strain, were -1,710 and 4,050 με on the compression 
and tension sides, respectively. Also, no signs, slippage, or anchorage failure were observed to 
indicate a decay of bond between concrete and GFRP bars. For a broad comprehensive 
analysis, the nominal axial and bending resistances were calculated with two scenarios: 
ignoring and considering the bars’ contribution in compression. The following assumptions 
were considered when neglecting the bars’ contribution in compression: 
1. Strain in reinforcement and concrete shall be assumed to be directly proportional to the 
distance from the neutral axis in cases where there is a perfect bond.  
2. Equilibrium of forces and strain compatibility must be satisfied. 
3. Strength factors for concrete, GFRP bars, and spirals are set to unity and the 
environmental reduction factor was also set to unity.  
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4. The maximum design strain at the extreme concrete compression fiber (εcu) shall be 
assumed to be 3,500 microstrains when using CSA S806-12 and 3,000 microstrains 
when using ACI 440.1R-15, and the tensile strength of concrete shall be neglected in 
the calculation.  
5. The distribution of concrete compressive stress can be described by the equivalent 
rectangular stress block (ERSB) defined in each code. 
6. The contribution of the GFRP bars in compression is ignored, therefore the axial 
resistance is estimated based on the following equations: 
1 ' ( )o c c g fP P k f A A    (3.4) 
The same assumptions were used when considering the compression contribution of the GFRP 
bars with the exception of eliminating the last assumption and adding two more assumptions: 
 The tensile and the compressive Young’s moduli are equal.  
 The nominal axial resistance is calculated based on this equation: 
1 2' ( )o c f c g f f fP P P k f A A k E A      (3.5) 
where 1 20.85, 0.003k k   (when using ACI 440.1R-15) 
1 20 .8 5 0 .0 0 1 5 ' 0 .6 7 , 0 .0 03 5ck f k     (when using CSA S806-12) 
Af and Ef are the total area of the longitudinal bars and Young’s modulus, respectively. 
3.5.2 Comparison between Predicted and Experimental Results 
Figures 3.15 and 3.16 compare the experimental results for series I and II, respectively, and the 
predicted failure envelope using the assumptions in ACI 440.1R-15, CSA S806-12, and Zadeh 
and Nanni (2013). Table 4 summarizes the results of this analysis. As shown in Figs. 3.15 and 
3.16, the test results gave an upper bound, which means that all the predicted results were on 
the safe side. This comparison revealed that the basics of ACI 440.1R-15 and CSA S806-12 
provided accurate predictions for axial force when considering the bar contribution in 
 
3.5 Normalized Interaction Diagram 65
 
  
compression. The average ratios of the experimental to the predicted axial force (Pexp/Ppred) 
were 1.09 and 1.09 with coefficients of variation of 3.64 and 5.40% for the ACI 440.1R-15 and 
S806-12, respectively. Neglecting the bar contribution in compression increased the level of 
conservatism for the predicted results for both standards. The average ratios of Pexp/Ppred for 
ACI 440.1R-15 and S806-12 were 1.19, and 1.22 with coefficients of variation of 4.68, and 
8.00%, respectively. On the other hand, the design procedures suggested by Zadeh and Nanni 
(2013) provided conservative predictions; the average ratios of Pexp/Ppred was 1.16 with 
coefficients of variation of 4.45%. 
 
Figure 3.15– Comparison of different concepts of the normalized interaction diagrams (Series I) 
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Figure 3.16– Comparison of different concepts of the normalized interaction diagrams (Series II) 
The interaction diagram of the steel-RC columns generally consists of two regions (provided 
that the reinforcement ratio is not less than 1% and not more than 8%). The first is the 
compression-control region at which the concrete strain reaches the maximum strain (εcu) 
before the steel yields (εsy). This region is characterized by a decrease in axial resistance with 
an increase in flexural resistance. The other is the tension-control control at which the steel 
strain exceeds the yield strain (εsy), and the concrete strain reaches its maximum (εcu). This 
region is characterized by a decrease in axial and flexural resistance. The point that demarcates 
the two regions is the balance point, where the concrete reached the ultimate strain (εcu) and 
the steel yielded. In the GFRP-RC columns tested, the GFRP bars behaved linearly up to failure 
(without yielding). The test results and theoretical predictions, however, indicate that the 
interaction diagram of the tested specimens (reinforced with 2.2% and 3.3%) was similar to the 
shape characteristic of steel-RC columns with the same reinforcement ratios. It is important, 
however, to define the point at which the bending-moment resistance decreases. It could be 
called “the inflection point” (see Figs. 3.15 and 3.16) instead of the balance point (in case of 
steel-RC columns). At this point, the concrete reaches its maximum strain (εcu) and the tensile 
strain in FRP bars reaches to a level ranging from 2,000 to 2,400 microstrains. This level is 
close to the yielding strain of steel reinforcement. On the other hand, Figs. 3.15 and 3.16 show 
the predicted balance point according to the recommendations provided (ultimate GFRP design 
strain of 10,000 microstrains) by Zadeh and Nanni (2013). This point could not be achieved by 
eccentric-compression loading as it lies on the tension side of the interaction diagram (axial 
tension force).  
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3.6 Conclusions 
A total of 10 full-size column specimens were constructed and tested under eccentric 
compression loading to characterize the failure envelope of GFRP-RC columns. The test 
parameters were the GFRP longitudinal-reinforcement ratio and the eccentricity-to-diameter 
ratio. The main findings of this study can be summarized as follows: 
1. Compression failure due to concrete crushing controlled the ultimate capacity of the 
specimens tested under concentric and low eccentricity (e/D ratios of 8.2% and 16.4%). 
In contrast, flexural–tension failure initiated in the specimens tested under high 
eccentricity (e/D ratios of 32.8% and 65.6%) resulting from large axial and lateral 
deformations and cracks on the tension side until secondary compression failure 
occurred due to strain limitations in concrete and degradation of the concrete 
compressive block. 
2. The axial strength of the eccentric columns decreased (compared to the concentric 
columns) to a load level of 80%, 58%, 30%, and 13% for the investigated low, 
moderate, high, and extreme eccentric loading, respectively. Consequently, a 
corresponding decrease in the initial axial stiffness of 60%, 38%, 21%, and 8% 
occurred.  
3. The GFRP bars could sustain constant axial load after peak for some time up to the 
limit of concrete crushing or serviceability requirements, which help to delay the full 
damage. Yet the failure of the GFRP-RC eccentric columns was not triggered by 
rupture or crushing of the GFRP bars. The maximum measured strain at the peak load 
in the GFRP bars was -4,400 microstrains and 5,750 microstrains (27% of the ultimate 
strain) on the compression and tension sides, respectively. 
4. Increasing the longitudinal reinforcement ratio from 2.2% to 3.3% slightly enhanced 
the strength and the pre-peak behavior. Nevertheless, it significantly enhanced both the 
peak and the post-peak behavior. 
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5. The experimental and predicted interaction diagram for the tested GFRP-RC columns 
has the characteristic “knee” shape found with steel-RC columns (having the same 
reinforcement ratio) in which the moment resistance increases as the axial load 
decreases until the inflection point (known as the balance point for steel-RC columns). 
At this point, the moment and axial resistances start decreasing simultaneously.  
6. The principle assumptions and recommendations in ACI 440.1R-15 and CSA S806-12 
to predict the nominal axial force and bending-moment capacity of the tested columns 
yielded conservative results, while integrating the contribution of the compression 
GFRP bars returned a more reasonable estimation. 
 CHAPTER 4  
AXIAL LOAD–MOMENT INTERACTION DIAGRAM OF 
CIRCULAR CONCRETE COLUMNS REINFORCED WITH 
CFRP BARS AND SPIRALS: EXPERIMENTAL AND 
THEORETICAL INVESTIGATIONS 
(Reference: Journal Composite for construction, V.21 (2), 2017) 
 
Abstract 
North America’s current design codes and guidelines allow the use of fiber-reinforced-polymer 
(FRP) bars as the main reinforcement in concrete structures and provide design 
recommendations for using these bars. Due to a lack of experimental data, however, FRP bars 
have not been recommended for resisting compression stresses as longitudinal reinforcement 
in columns or compression reinforcement in flexural elements. This paper presents test results 
of an experimental program to investigate the structural performance of 10 full-scale circular 
concrete columns reinforced with carbon-FRP (CFRP) bars and spirals subjected to combined 
axial compression loads and bending moments. The test variables include different 
eccentricity-to-diameter ratios and two types of reinforcement (CFRP and steel). The test 
results show that the CFRP- and steel-reinforced concrete columns behaved similarly up to 
their peak loads. The failure of the test specimens under different levels of eccentricity was not 
triggered by rupture of the CFRP bars in the tension side, but rather it was attributed to gradual 
concrete crushing, followed by bar crushing on the compression side. Based on the test results, 
a detailed sectional analysis and plane section analysis were then conducted. Furthermore, a 
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comprehensive parametric investigation was performed to generate numerous nominal axial 
force-bending moment (P-M) interaction diagrams. The experimental and analytical results are 
discussed and compared. 
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4.1 Introduction 
Reinforced-concrete structures deteriorate as steel-corrosion problems worsen, resulting in 
high annual maintenance and repair costs. While repair is not always an option, some cases 
require new structural elements to sustain the structure. New materials—such as fiber-
reinforced polymer (FRP), which is noncorrodible by nature—can be used to overcome this 
problem, especially in harsh environmental conditions. Carbon FRP (CFRP) is one of the most 
common types of FRP bars used as main reinforcement in reinforced-concrete (RC) structures. 
CFRP offers an exceptionally high tensile strength–to–weight ratios and tensile modulus–
weight ratios. Nevertheless, the structural performance of CFRP-RC circular columns has not 
yet been investigated taking into account combined axial and flexural loading. In addition, no 
standard test method for FRP bars under axial compressive loading has yet been defined. 
Consequently, their compression behavior has not been fully established. In this regard, limited 
experimental research has been conducted to investigate the compressive behavior of CFRP 
bars in columns under concentric and eccentric loading.  
Past research has indicated that the strength and modulus of FRP bars are lower in compression 
than in tension (Wu 1990; Chaallal and Benmokrane 1993). A compressive strength of 60% to 
78% of the tensile strength (under proper confinement) has been reported for CFRP bars 
(Mallick 1988; Wu 1990; Afifi et al. 2013b). Kobayashi and Fujisaki (1995) , however, tested 
CFRP bars embedded in concrete prisms, in which compression forces were applied only to 
the FRP bars. The test results show that the compressive strengths were 30%–50% of their 
corresponding tensile strengths. Sharbatdar (2003) tested 5 full-scale CFRP-RC square 
columns under monotonic eccentric loading (eccentricity-to-width ratio, e/b, = 26% and 33%). 
He reported that the longitudinal CFRP bars could develop the high tensile strains required to 
maintain the section in equilibrium under increased bending as the concrete on the compression 
side was gradually crushed. None of the columns tested failed due to the tension failure of 
CFRP bars. It was also reported that CFRP bars sustained up to 0.8% at the end of the test and 
0.36% compressive strain at peak under proper confinement after crushing of the concrete in 
compression. The same bars developed up to 1% tensile strain at the end of the test. 
72 Chapter 4: P-M Interaction Diagram of Circular Concrete CFRP-RC Columns
 
Furthermore, Choo et al. (2006a and 2006b) conducted analytical investigations to examine the 
strength interaction behavior of FRP-RC columns. They argued that the FRP-RC columns’ 
interaction strength diagrams did not exhibit balance points for concrete columns bound by the 
reinforcement limits (ρmin = 1% ≤ ρ ≤ ρmax = 8%) defined by ACI 318-14. 
A targeted experimental program is underway at the University of Sherbrooke to study the 
performance of concrete columns reinforced with glass-fiber-reinforced polymer (GFRP) and 
CFRP bars and spirals/ties. The experimental research undertaken so far has investigated the 
behavior of rectangular (Tobbi et al. 2014) and circular columns (Afifi et al. 2013a, 2013b, 
2014, 2015 and Mohamed et al. 2014a) under concentric loading. The test results reported on 
herein relate to 10 full-scale circular columns reinforced with CFRP bars and spirals subjected 
to eccentric loading. 
4.2 Research Originality 
The structural performance of circular concrete columns reinforced with CFRP bars and spirals 
under different eccentric loadings has yet to be investigated. With the primary objective to 
threading the technical knowledge about the structural performance of CFRP-RC columns, an 
extensive research project is being conducted at the University of Sherbrooke in Quebec 
through the activities of the Tier-1 Canada Research Chair in Advanced Composite Materials 
for Civil Structures. This study has considered the code assumptions, strain compatibility, and 
force equilibrium to develop the interaction diagram for CFRP-RC columns analytically. Based 
on this study and other analyses, North American codes could start drafting a new chapter for 
these columns.  
4.3 Overview of the Test Program 
Two full-scale series were constructed: one reinforced with CFRP reinforcement; the other 
with steel reinforcement. One column in each set was used as a control specimen and was 
therefore tested under pure concentric loading. The remaining specimens were prepared and 
tested under monotonically increasing eccentric–compression loading. All of the columns 
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measured 305 mm in diameter and 1500 mm in height. The test parameters included 
reinforcement type (CFRP versus steel) and four different eccentricity-to-diameter ratios 
(8.2%, 16.4%, 32.8%, and 65.6%). 
4.3.1 Material Properties 
4.3.1.1 Reinforcing Bars and Spirals 
CFRP bars and newly developed CFRP spirals were used to reinforce the CFRP-RC column 
specimens in the longitudinal and transverse directions, respectively, as shown in Fig. 4.1. The 
CFRP longitudinal bars and spirals were made of continuous high-strength carbon fibers 
impregnated with a thermosetting vinyl-ester resin, additives, and fillers. The CFRP 
reinforcement had a sand-coated surface to enhance the bond performance between the bars 
and the surrounding concrete. No. 5 CFRP bars were used as longitudinal reinforcement for all 
the CFRP-RC columns; No. 3 CFRP spirals were used as transverse reinforcement. The tensile 
properties of the longitudinal CFRP bars were determined according to ASTM D7205 (ASTM 
2011). The mean tensile strength and modulus of elasticity of the tested CFRP bars (No. 5) and 
CFRP spirals (No. 3) were 1,680 and 1,562 MPa and 141 and 130 GPa, respectively, as stated 
in Table 4.1.  
Table 4.1 – Mechanical properties of the CFRP and Steel reinforcement 
Bar  
Size 
Diameter 
(mm) 
Nominal 
Areaa 
(mm2) 
Immersion 
Area 
(mm2) 
Elastic 
Tensile  
Modulus 
(EFu=GPa) 
Tensile  
Strength 
(fFu=MPa) 
Tensile 
Strain 
(%) 
 CFRP reinforcement 
# 3 9.5 71 74 130±2.5 1,562† 1.20 
# 5 15.9 198 222.3 141±2.5 1,680† 1.19 
 Steel reinforcement 
10M 9.5 71 --- 200 460†† 0.230 
15M 16 200 --- 200 450†† 0.225 
a the tensile modulus and strength was calculated based on these values 
 † Ultimate tensile strength 
†† Yield tensile strength  
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Two steel bars of grade 60 were used to reinforce the column specimens in the second series. 
Deformed 15M steel bars (nominal diameter of 16 mm) were used as longitudinal 
reinforcement and No. 3 steel bars (nominal diameter of 9.5 mm) served as transverse spiral 
reinforcement. Table 4.1 summarizes the tensile properties of the CFRP and steel 
reinforcement. 
  
Figure 4.1– Overview of the typical assembled steel and CFRP cages 
4.3.1.2 Concrete 
All of the columns were cast on the same day with normal-weight, ready-mixed concrete with 
a target 28-day compressive strength of 35 MPa. The columns were then compacted with an 
electrical vibrator and leveled manually. The curing process was initiated after 2 hours by 
covering the concrete surface with wet burlap and a polyethylene sheet for 14 days. The actual 
compressive strength was determined based on the average test results of 10 concrete cylinders 
(150 x 300 mm) tested on the same day as the start of testing of the column specimens.  
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4.3.2 Design of Test Specimens  
The test specimens were designed to investigate the eccentric compression behavior of CFRP-
RC columns versus the steel-RC columns. Table 4.2 provides the reinforcement details of the 
column specimens. The specimens were divided into two series. Series C included five 
specimens (C-0, C-25, C-50, C-100, and C-200) longitudinally reinforced with 8 No. 5 CFRP 
bars. Series S included five specimens (S-0, S-25, S-50, S-100, and S-200) longitudinally 
reinforced with 8-15M deformed steel bars. The letter (C and S) and number in the specimen 
identification indicate the reinforcement type (carbon and steel, respectively) and the 
eccentricity value in millimeters. Four eccentricity-to-diameter ratios (e/D) were predesigned 
and applied (8.2%, 16.4%, 32.8%, and 65.6%) to develop the interaction diagram 
experimentally.  
Table 4.2 – Specimen details and summary of test results 
 
Series 
 
Column   
identifier 
Eccentricity  
(e = mm) 
e/D 
(%) 
Pn 
(kN) 
x 
(mm)a 
Mn 
(kN . m)b
C 
C-0 --- --- 3090 --- --- 
C-25 25 8.2 2342 4.20 68.4 
C-50 50 16.4 1746 5.44 96.8 
C-100 100 32.8 995 8.43 107.9 
C-200 200 65.6 529 12.65 112.5 
S 
S-0 --- --- 3184 --- --- 
S-25 25 8.2 2414 5.25 73.0 
S-50 50 16.4 1840 4.79 100.8 
S-100 100 32.8 1026 8.01 110.8 
S-200 200 65.6 517 11.59 109.4 
a Mid-height lateral deflection. 
b Calculated based on Eq. (3). 
 
The specimen design and analysis were carried out according to the recommendations of CSA 
S806-12. CFRP cages were assembled for the various column configurations. Each coil of 
CFRP spiral reinforcement consisted of one complete helical spiral without any lapped splices. 
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The spiral pitch in all the specimens was reduced to 50 mm outside the free region at both ends 
of the columns (250 mm in length) to avoid premature failure. The concrete cover was kept 
constant at 25 mm from the face of the spirals. The circular columns were prepared for vertical 
casting in very stiff Sonotubes. Wooden formwork was used to hold the Sonotubes plumb. 
Then, the cages were inserted into the formwork inside the Sonotubes. All columns were cast 
vertically to simulate the typical construction practices for columns and piles. The concrete 
was provided by a local ready-mix concrete company. Figure 4.2 illustrates the geometry and 
cross sections. 
 
Figure 4.2– Column geometry, reinforcement details, and internal instrumentation 
4.3.3 Instrumentation and Test Setup for the Eccentric Loading 
The specimens were instrumented by attaching electric strain gauges to measure strains on the 
longitudinal bars, spirals, and concrete surfaces. Moreover, linear potentiometers (LPOTs) 
were mounted to measure the axial displacements, as well as the lateral deflections at the mid-
height level. Before the specimens were cast, strain gauges were fixed on the outermost 
longitudinal bars and spirals in both the tension and compression sides. At least 24 hours before 
specimen testing, concrete gauges were fixed to the compression side. All gauges were located 
at column mid-height where maximum strains were expected. Before testing started, LPOTs 
were mounted vertically on the head ram to measure axial displacement, while others were 
mounted laterally on the tension and compression sides to measure lateral deflections at the 
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mid-height and quarter-height levels. The specimens were tested with a 6,000 kN capacity 
Forney machine in the Construction Facilities Laboratory of the Department of Civil 
Engineering at the University of Sherbrooke. Rigid steel caps were installed on the top and 
bottom of the specimens to allow for variations in eccentric loading and to provide different 
combinations of nominal axial loads (Pn) and nominal bending moments (Mn) at failure (Fig. 
4.3). They were placed vertically to coincide with the machine’s center of loading. The Forney 
machine, strain gauges, and LPOTs were connected over channels to the data-acquisition 
system. The loading rate ranged from 1.2 to 2.0 kN/s during the test by manually controlling 
the hydraulic pump. 
 
Figure 4.3– Test setup 
4.4 Results and Discussion 
4.4.1 General Structural Performance 
The axially loaded columns, C-0 and S-0, were essentially tested and taken as control 
specimens for the eccentric column specimens. According to the test results and observations, 
Head ramHead ram 
Base ram 
Tested 
specimen
Concrete 
gauges 
Lateral 
LPOTs 
Roller 
bearing 
Rigid steel 
end-cap 
Base ram
78 Chapter 4: P-M Interaction Diagram of Circular Concrete CFRP-RC Columns
 
the applied eccentric loading was characterized by four different levels: low, moderate, high, 
and extreme for eccentricity-to-diameter ratios of 8.2%, 16.4%, 32.8%, and 65.6%, 
respectively. The behavior of test specimens was significantly affected by the level of the 
applied eccentricity. A remarkable decrease in the initial axial and lateral stiffness was 
observed with each increase in eccentric loading.  
At low eccentric loading (e/D = 8.2%), an initial elastic behavior was observed up to a load 
level of 30% and 40% for C-25 and S-25, respectively. The recorded concrete strain for both 
specimens at this level was -900 microstrains (με), at which the concrete core started to dilate. 
Consequently, the spiral strain on the compression side gradually increased, stimulating the 
passive confining pressure. The measured spiral stains on the compression side at this level 
were 80 and 110 με for C-25 and S-25, respectively; the behavior was then nonlinear to the 
peak. During this period, the concrete and spiral strains on the compression side increased 
progressively. The maximum recorded concrete strain for C-25 was -4,556 με (as shown in 
Fig. 4.4), which is higher than the concrete crushing strain of 3,000 με specified by ACI 318-
14 or 3,500 με specified by CSA standards (S806-12, S6-14, and A23.3-14). The maximum 
recorded concrete strain for S-25 was -3,508 με, which is approximately within the limit 
specified by CSA standards. It is worth mentioning that the average spiral strain for C-25 on 
the compression side, at peak, was 3,278 με (as shown in Fig. 4.5), which is close to 27% of 
the ultimate tensile strain (12,000 με). The corresponding average spiral strain for S-25 on the 
compression side, at peak, was 2027 με, which is approximately equal to the yield strain (2,000 
με). 
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Figure 4.4– Load versus concrete strain on the compression side 
   
Figure 4.5– Load versus spiral strain 
In a similar situation, at moderate eccentric loading (e/D = 16.4%), an initial elastic behavior 
was observed up to a load level of approximately 50% for C-50 and S-50. The recorded 
concrete strain at this level was -1,150 and -1,050 με for the specimens above, respectively, at 
which the concrete core started to dilate. Consequently, the spiral strain on the compression 
side gradually increased, stimulating the passive confining pressure near the core compression 
fibers. The measured spiral strains on the compression side at this level were 180 and 200 με 
for the aforementioned specimens, respectively. A nonlinear behavior was then observed to the 
peak. During this period, the concrete and spiral strains on the compression side increased 
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progressively. The maximum recorded concrete strains for C-50 and S-50 were -4,003 and -
3,723 με, respectively. The average recorded spiral strain for C-50 on the compression side, at 
peak, was 1,595 με, which is close to 13% of the ultimate tensile strain (12,000 με). The 
corresponding average spiral strain for S-50 on the compression side, at peak, was 800 με, 
which is 40% of the yield strain (2,000 με). 
The results obtained for specimens tested at high and extreme eccentric loading showed that 
increasing the level of eccentricity at these ratios (e/D = 16.4 and 32.8%) accelerated crack 
initiation on the tension side. The first crack initiated very early at a load level of 7% to 10% 
on the tension side for C-100, S-100, C-200, and S-200. A semilinear response was observed 
for all relationships up to a load level of 30% to 40%. At this stage, many hairline cracks 
appeared and spread on the tension side along the column height. The recorded concrete strains 
on the compression side were -1,050, -920, -1,400, and -1,000 με for the aforementioned 
specimens, respectively. The recorded spiral strains on the compression and tension sides did 
not exceed 300 με, which means that the passive confining pressure had just been stimulated. 
After this stage, the crack width on the tension side progressively increased and hence, 
nonlinear relationships developed up to the peak. The maximum measured concrete strains on 
the compression side were -4,315, -2,855, -3,910, and -3,813 με for C-100, S-100, C-200, and 
S-200, respectively. The corresponding measured spiral strains on the compression side were 
1,334; 693, 717, and 544 με.  
In comparison to C-0 and S-0, the average initial axial stiffness decreased to 59%, 45%, 25%, 
and 9% due to low, moderate, high, and extreme eccentric loading. The maximum axial 
displacements, at peak, for the eccentric column specimens in series C was 6.04, 6.3, 6.63, and 
11.78 mm for C-25, C-50, C-100, and C-200, respectively. The corresponding axial 
displacements for their counterparts in series S were 6.61, 6.22, 7.09, and 11.63 mm for S-25, 
S-50, S-100, and S-200, respectively. Figure 4.6 shows the load versus axial-displacement 
response for the eccentric columns. The axial displacement was measured with two LPOTs 
mounted on the ram head.  
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Figure 4.6– Load versus axial displacement at specimen centerline 
Figure 4.7 provides the load versus lateral deflection at the mid-height response for the 
eccentric columns. Mid-height deflection was measured with an LPOT mounted at column 
mid-height. A noticeable decrease in the initial lateral stiffness was observed with each increase 
in eccentric loading. At the peak load, the maximum lateral deflection recorded for the 
eccentrically loaded columns in series C were 4.2, 5.44, 8.43, and 12.65 mm for C-25, C-50, 
C-100, and C-200, respectively. The corresponding displacements for their counterparts in 
series S were 5.25, 4.79, 8.01, 11.59 mm for S-25, S-50, S-100, and S-200, respectively. Table 
4.2 summarizes the results of the lateral deflection. 
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Figure 4.7– Load versus mid-height deflection 
4.4.2 Strength and Failure Mechanisms 
The control column specimens, C-0 and S-0, showed similar responses up to their peaks. 
During testing, little vertical hairline cracks started to appear at approximately 90%–95% of 
their peak loads. Before that, the concrete cover was visually free of cracks. The vertical cracks 
gradually increased and widened as the column load increased up to peak. The maximum axial 
forces sustained by these specimens—C-0 and S-0—were 3090 and 3184 kN, respectively. 
The eccentrically loaded columns behaved similarly; column strength constantly increased 
from the origin to a point at which the microcracks propagated inside the concrete core on the 
compression side. For the CFRP-RC columns, the average load levels at this point were 77%, 
86%, 60%, and 57% for C-25, C-50, C-100, and C-200, respectively. The corresponding values 
for the reference steel specimens were 75%, 82%, 54%, and 48% for S-25, S-50, S-100, and S-
200, respectively. While the microcracks were propagating inside the concrete core on the 
compression side, the rate of strength gain gradually decreased up to a point at which the 
flexural–compression cracks were visible on the surface of the compression side and rapidly 
propagated. The flexural–compression cracks usually initiated at a load level between 80% and 
90% of the peak load at column mid-height. On the tension side, the flexural–tension cracks 
initiated at different load levels (according to the level of the eccentricity-to-diameter ratio), 
which also contributed to reducing the rate of strength gain. The maximum axial load sustained 
by each column specimen in series C was 2,342, 1,746, 995, and 529 kN for C-25, C-50, C-
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100, and C-200, respectively. The correspondence axial forces sustained by each column 
specimen in series S were 2,414, 1,840, 1,026, and 517 kN for S-25, S-50, S-100, and S-200, 
respectively. After the peak, the CFRP-RC columns exhibited higher strength decay than their 
steel-RC counterparts. In the case of the CFRP-RC columns, once the peak load had been 
reached, the existing cracks and bar deformation contributed to concrete cover splitting, 
causing the cover to spall. At this point, the strain in the concrete and compression bars 
recorded high strain levels, varying for the concrete from -3,910 to -4,556 με, and for 
compression bars between -3,718 and -4,077 με. Sudden bar-crushing sounds were heard on 
the compression side of all specimens after shortly after cover spalling, followed by sequential 
concrete crushing.   
    
Figure 4.8– Failure mode of C-25: (a) tension side; (b) side view; (c) compression side; (d and e) 
close views 
Figures 4.8d, 4.8e, 4.9b, 4.9d, and 4.10c depict the crushing of the outermost compression bars. 
Once the cover spalled, a significant increase in mid-height deflection was observed. After that, 
the strength decayed, followed by a softening response. It is worth noting that all the CFRP-
RC columns exhibited noticeably elastic behavior when unloading with respect to cracking on 
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the tension side. This phenomenon was attributed to the extraordinary ultimate strain capacity 
of the CFRP bars. In this study, column failure was characterized by test observations, strain 
profiles, load-carrying capacity, and bending moment. Figures 4.8 to 4.10 show the failure of 
the CFRP-RC column specimens. 
     
Figure 4.9– Failure modes of C-50 and C-100: (a) C-50 side view; (b) C-50 compression side; (c) C-
100 side view; (d) C-100 compression side 
 
The failure modes and mechanisms were affected by the level of eccentric loading applied. Yet 
the failure of CFRP-RC columns was not triggered by bar rupture on the tension side. Different 
modes of failure were observed for series C. Specimen C-25 exhibited brittle compression 
failure due to concrete crushing, crushing of four compression bars (on the compression side), 
and rupture of the spirals on the compression side. Specimen C-50 exhibited compression 
failure due to crushing of concrete and crushing of the outermost compression bars. Specimens 
C-100 and C-200 exhibited flexural–compression failure due to propagation of deep and wide 
cracks on the tension side with an average width of 1 mm, accompanied by concrete 
degradation and crushing due to the strain limitations, and lastly crushing of the outermost 
compression bars.  
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Figure 4.10– Failure mode of C-200: (a) tension side; (b) side view; (c) compression side; (d and e) 
close views 
 
The test results for C-200 indicate that the maximum recorded strains at the peak for the 
concrete and the outermost tension bars were -3,910 and 4,800 με, respectively. The estimated 
curvature of this specimen (ψc-200) is the sum of these strains divided by the section depth (d) 
and is equal to 0.0087/d where d is the distance from the extreme compression surface to the 
outermost tension bars. ACI 318-14 considers failure to be tension controlled whenever the 
curvature is greater than 0.008/d (corresponding to a strain in the reinforcement of 0.005). 
However, because of the elastic nature of CFRP bars, which minimized the crack propagation 
compared to the steel bars after yielding, the failure of C-200 was described as flexural–
compression failure. 
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The failure of the reference steel-RC columns depended on the level of eccentric loading 
applied. As expected and designed, a compression failure dominated the failure of S-25 
(e/D=8.2%) and S-50 (e/D=16.4%) due to concrete crushing on the compression side, 
accompanied by buckling and yielding of the compression bars. A balanced failure dominated 
the failure of S-100 (e/D=32.8%) due to concrete crushing on the compression side, buckling 
and yielding of the compression bars, and yielding of the tension bars. A transition failure 
dominated the failure of S-200 (e/D=65.6%) due to yielding of the tension bars with severe 
cracking on the tension side, followed by concrete crushing, and buckling and yielding of the 
compression bars and on the compression side.  
4.4.3 Performance of CFRP Reinforcement 
The test results indicated that the CFRP reinforcement (bars and spirals) developed high 
compression and tension strains, confirming that it contributed as much to sustaining different 
eccentric forces as did the steel reinforcement. The average compression strains recorded for 
the outermost bars, at peak, were -4,077, -3,662, -4,122, and -3,718 με for C-25, C-50, C-100, 
and C-200, respectively. The corresponding average tensile strains recorded for the outermost 
bars in the tension side, at peak, were -518, 510, 3,593, and 4,800 με, respectively. The strains 
were recorded at the mid-height level, where the maximum compression and tension stresses 
were expected. Figure 4.11 shows the load versus bar-strain response for the eccentric columns. 
The strain results of the compression CFRP bars, at peak, developed up to 0.41% compressive 
strain (34% of the ultimate tensile bar-strain). Moreover, the recorded tensile strains, at peak, 
reached high levels without bar rupture, up to 0.48% tensile strain (40% of the ultimate tensile 
bar strain). The maximum recorded tensile strain was 9,052 με (C-100), which is approximately 
76% of the ultimate tensile bar strain. 
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Figure 4.11– Load versus longitudinal-bar strain 
On the other hand, the CFRP spirals could fulfill their function as transverse reinforcement, 
providing lateral support to the compression and tension bars and confining the compressive 
concrete core until and after the peak. Local strains were recorded for two different branches 
in the spiral, located where the maximum compression and tension stresses were expected. In 
general, the CFRP spirals were activated on the compression side at early stages, depending on 
concrete cracking. On the tension side, no noticeable reaction was reported for C-25 and C-50 
until the peak was reached. A remarkable reaction occurred early on for C-100 and C-200, 
which influenced the early initiation of the flexural tensile cracks. The maximum recorded 
spiral strains on the compression side, at peak, were 2,417, 1,595, 1,334, and 717 με for C-25, 
C-50, C-100, and C-200, respectively. The corresponding maximum recorded spiral strains on 
the tension side were 35, 33, 338, and 459 με, respectively. After the cover had spalled, the 
normal stress in the core on the compression side reached the critical stress level, leading to a 
significant increase in lateral deformations. Consequently, the spiral strain progressively 
increased to confine the concrete core. The maximum recorded spiral strain was 11,765 με (in 
C-50 on the compression side), which was approximately close to the ultimate tensile spiral 
strain.  
The evidence of the test results of the failure of CFRP bars was recorded for different load 
levels. In the case of C-25, which received low eccentric loading, loud sounds were heard on 
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the compression side after the peak reached in a short time due to bar crushing. The same 
sounds were heard with C-50, C-100, and C-200. This may be linked to CFRP bars not having 
a high bending capacity, so they crushed before buckling. The failure of the CFRP bars in 
compression evidenced as crushing of the outermost bars into few small pieces in the test 
region. The failure was different from the rupture failure under tensile load, which often 
showed randomly fractures carbon and/or a dilation phenomenon. These observations are 
consistent with the test results obtained with CFRP-RC columns (Sharbatdar 2003 and Afifi et 
al. 2013b). The maximum recorded bar strain before the test halted was -5,105 με for C-200.  
To summarize, CFRP reinforcement could be used as an internal reinforcement in eccentric 
columns, provided that the maximum compression strength could be limited to 40% of the 
reinforcement’s ultimate tensile strength. Moreover, CFRP reinforcement could reach its 
ultimate tensile strain without problems. 
4.4.4 Effect of Test Parameters on the Eccentric Behavior 
4.4.4.1 Type of Reinforcement (CFRP vs. Steel) 
The CFRP- and steel-RC columns were designed to have the same reinforcement ratio (As = 
Af) with eight No. 5 longitudinal bars, where Af and As are the areas of the CFRP and steel 
longitudinal reinforcement, respectively. 
The CFRP-RC columns achieved insignificantly lower strength than the steel-RC columns at 
low, moderate, and high eccentric loading. However, C-200 (at extreme eccentric loading) was 
slightly stronger than S-200. The average ratios of peak load in the CFRP-RC columns to that 
in the steel-RC columns were 0.97, 0.95, 0.97, and 1.02 at low, moderate, high, and extreme 
eccentric loading, respectively. The CFRP bars had a lower modulus than the steel bars (Ef 
=141 GPa and Es =200 GPa), so they developed higher strains. This comparison proves that the 
CFRP reinforcement performed as well as the steel reinforcement in contributing to resisting 
the eccentric forces and achieved similar axial strengths at different levels of eccentric loading. 
The failure mechanism changed with reinforcement type. Due to the high ultimate strains in 
the CFRP bars (εFu = 11,900 με), the failure of the CFRP-RC column specimens was governed 
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by compression failure modes. The failure of the steel-RC columns was attributed to concrete 
compression failure at low and moderate eccentric loading and then yielding of steel at high 
and extreme eccentric loads. 
4.4.4.2 Eccentricity-to-Diameter Ratio 
The test results and observations highlight the influence of increasing the eccentricity-to-
diameter ratio in all relationships. The initial axial and lateral stiffness of the tested columns 
decreased significantly with each increase in eccentric loading. It is worth noting that the 
specimen failure mechanisms were increasingly similar to that of flexural members as the 
eccentric loading increased. In comparison to the control specimens C-0 and S-0, the eccentric 
column specimens lost an average of 24%, 43%, 68%, and 83% of their strength at eccentricity-
to-diameter ratios of 8.2%, 16.4%, 32.8%, and 65.6%, respectively. After peak, the strength 
decay decreased with each increase in eccentric loading.  
4.5 Development of Axial Load–Moment Interaction 
Diagram  
4.5.1 Background 
The interaction diagram of steel-RC columns has three main regions (ACI 318-14) 
compression-controlled, transition, and tension-controlled. In the compression-controlled 
region, the concrete reaches maximum strain (εcu) before the steel bars yield (εsy). This region 
is characterized by decreased axial resistance with a corresponding increase in flexural 
resistance. In the transition region, the steel-bar strain exceeds εsy, but is still less than 0.005, 
and the concrete reaches εcu. In the tension-controlled region, the steel-bar strain reaches or 
exceeds 0.005, and the concrete strain is maximum (εcu). The 0.005 limit provides sufficient 
ductility for most applications; warning of failure by excessive deflection and cracking may be 
expected (ACI 318-14). The second and third regions are characterized by decreased axial 
resistance with a corresponding reduction in flexural resistance. 
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4.5.2 Experimental Normalized (Kn - Rn) Diagram 
In this study, concentric loading and four levels of eccentric loading (e/D= 8.2%, 16.4%, 
32.8%, and 65.6%) were applied to two series of columns (series C and series S). Based on the 
test results for each specimen, the normalized axial load–moment (P-M) interaction diagrams 
were developed in terms of Kn and Rn (see Fig. 4.12). The normalized axial force Kn and the 
normalized bending moment Rn are given by: 
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where Ag is the gross sectional area, cf   is the concrete cylinder strength, D is the overall 
diameter, e is the given eccentricity, and x is the lateral deflection at peak load measured at 
column mid-height. As shown in Fig. 4.12, both series C and S developed similar nominal axial 
and flexural resistances. The steel-RC columns exhibited somewhat higher strength (5% 
maximum increase) than the CFRP-RC columns under axial loading and under low, moderate, 
and high eccentric loading. The CFRP-RC columns exhibited somewhat higher strength (3%) 
under extreme eccentric loading (e/D =65.6%). The interaction diagram of the CFRP-RC 
columns is similar in shape to their companion steel-RC columns until the point of high 
eccentric loading. After this point, the two curves intersect and seem to behave differently. 
Analyzing the interaction diagrams of the CFRP-RC columns would help in characterizing 
their failure modes. Also, based on the experimental results and test observations, we can state 
that C-100 and C-200 had almost reached the maximum flexural resistance. It should not 
increase by increasing the level of eccentric loading; the failure mode of C-200 was defined as 
flexural–compression failure. In an effort to arrive at possible answers to these questions, a 
comprehensive sectional analysis and a comprehensive parametric investigation were 
conducted.  
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Figure 4.12–Experimental normalized interaction diagrams for CFRP- and steel-RC columns 
4.5.3 Proposed Sectional Analysis 
This section presents P-M interaction diagrams developed for the CFRP-RC columns tested in 
our study using a detailed sectional analysis based on strain compatibility, internal-force 
equilibrium, and controlling the strength limit state. Numerous researchers have suggested that 
P-M interaction diagrams for FRP-RC columns can be developed using simple sectional 
analysis procedures developed for steel-RC columns (Choo et al. 2006a; Mohamed and 
Masmoudi 2010; Zadeh and Nanni 2013; Hadi et al. 2016). Given the lack of experimental 
research, the North American codes (ACI 440.1R-15 and CSA S806-12) do not address such 
FRP-RC columns, and they also neglect the contribution of bars in compression if they are used 
in compression or flexural members. The test results revealed that the strain distribution in all 
the specimens was almost linear up to the maximum design concrete strain (-3,500 με), which 
proves that the assumption of plane section remains plane after deformation can be used for 
the sectional analysis. For instance, at a concrete strain of -3,500 με, the strain readings 
recorded for the outermost bars were -3,110 and -740 με on the compression and tension sides, 
respectively, for C-25. At the same concrete stain level, the strain readings recorded for the 
outermost bars were -2,160 and 2,650 με for the compression and tension sides, respectively, 
for C-100. For a comprehensive analysis, the nominal axial and bending resistances were 
calculated with two scenarios: ignoring and considering bar contribution in compression. Due 
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to the high ultimate strain of CFRP reinforcement (11,900 με) and strain limitations of concrete 
(εcu), the failure was always assumed to initiate as concrete crushing. The following 
assumptions were considered when ignoring bar contribution in compression: 
1. Strain in the CFRP reinforcement and concrete shall be assumed to be directly 
proportional to the distance from the neutral axis, assuming a perfect bond between 
them (plane sections remain plane after deformations based on the Euler–Bernoulli 
theory). 
2. The equilibrium of forces and strain compatibility are satisfied. 
3. The strength factors for concrete and CFRP bars are set to unity. 
4. The maximum usable strain at the concrete compression fibers (εcu) shall be assumed 
to be 3,500 με, as provided by CSA S806-12, and the tensile strength of concrete shall 
be neglected in the calculation. 
5. The distribution of concrete compressive stress can be described by the equivalent 
rectangular stress block (ERSB) defined in A23.3-14 and CSA S806-12. 
6. The stress–strain curve of CFRP reinforcement is idealized as linear-elastic to failure. 
7. The contribution of the CFRP bars in compression is ignored. Therefore, the axial 
resistance is estimated based on the following equations: 
1 ( )o c c g fP P f A A     (4.4) 
1 0.85 0.0015 0.67cf     (4.5) 
Where fA is the total area of the longitudinal bars and 1  is the ratio of average stress in 
rectangular compression block to the specified concrete strength. 
The same assumptions were used when considering the compression contribution of the CFRP 
bars replacing the last assumption (7) with two more: 
8. The tensile and compressive Young’s moduli are equal, and 
9. The nominal axial resistance is calculated based on the following equation (assuming 
that the strain in the CFRP bars is equal to the ultimate assumed concrete strain): 
 
4.5 Development of Axial Load–Moment Interaction Diagram 93
 
  
1 ( ) 0.0035o c f c g f f fP P P f A A E A       (4.6) 
Where fE  is the Young’s modulus of the longitudinal bars. 
4.5.4 Theoretical Development  
This section presents the nominal axial force and bending moment in two scenarios. 
Scenario (A): ignoring the contribution of the CFRP bars in compression 
In the first scenario, based on the equilibrium of forces (see Fig. 4.13) neglecting the 
compression forces (see Fig. 4.13e), and strain compatibility, at any level of eccentric loading, 
the nominal axial and flexural resistances can be calculated as: 
1 1
nt nt
n c f c fj f f
j j
P P T C E A
 
      (4.7) 
1 1
( )
nt nt
n c ft c c fj f f j
j j
M M M C y E A R y
 
       (4.8) 
where Cc is the compression force in concrete; cy  is the distance between the centroid of the 
concrete on the compression side to the centroid of the concrete cross section. (point o); 
fj , 
fE , fA and yj are the strain, Young’s modulus, area, and the arm to point o for the row at level 
j on the tension side, respectively; c is the neutral-axis distance, and D is the section diameter. 
The compression force in concrete can be calculated as: 
1c c cC f A   (4.9) 
32 sin
3c
Ry   (4.10) 
2
cA R   (4.11) 
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sin cos      (4.12) 
1 aCos
R
    (4.13) 
1 1, 0.97 0.0025 0.67ca c f       (4.14) 
Where cA  is the area of the circular segment (see Fig. 4.14) and R is the column radius.  
 
Figure 4.13– Proposed sectional analysis for CFRP-RC columns: (a) strain compatibility; (b) 
generalized stress block; (c) equivalent rectangular stress block (ERSB); (d) bar tension 
forces; (e) bar compression forces; (f) nominal eccentric axial force 
 
Figure 4.14– Properties of concrete compression circular segment 
 
Scenario (B): considering the contribution of CFRP bars in compression 
The previous equations are modified as given below to consider this contribution (see Fig. 
4.13). At any level of eccentric loading: the nominal axial and flexural resistances can be 
calculated as: 
1 1 1 1
nc nt nc nt
n c f f c fi f f fj f f
i j i j
P P P T C E A E A 
   
          (4.15) 
(a) (b) (c) (d) (e) (f)Typical cross section 
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1 1 1 1
( ) ( )
nc nt nc nt
n c fc ft c c fi f f i fj f f j
i j i j
M M M M C y E A R y E A R y 
   
            (4.16) 
Where
fi , and iy are the strain, and the arm to the point o for the row at level i on the 
compression side, respectively. 
4.5.5 Comparison of the Theoretical and Experimental Axial Load 
and Moment 
Figure 4.15 compares the experimental normalized interaction diagram for the CFRP-RC 
columns to the theoretical diagrams resulting from the two scenarios in the proposed section 
analysis. The test results gave an upper bound, with a reasonable margin, which means that all 
the theoretical results were on the safe side.  
 
Figure 4.15– Comparison between theoretical interaction diagrams and experimental results (D=305 
mm and r/R =0.77) 
The theoretical (B) P-M interaction diagram using the first scenario, which ignored the 
contribution of the CFRP bars in compression, underestimated the axial and flexural resistances 
by an average margin of 45%. The theoretical (A) P-M interaction diagram using the second 
scenario, which considered the contribution of CFRP bars in compression, was much closer to 
a reasonable margin of 18%. Based on the results of this study, it can be concluded that 
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considering the contribution of CFRP bars in compression for columns under eccentric loading 
would provide an economical design with a reasonable margin of safety. Ignoring the 
contribution of CFRP bars in compression, however, increases the level of conservatism.  
4.6 Parametric Investigation 
A parametric investigation was carried out to study the structural performance in terms of 
developing P-M interaction diagrams for CFRP-RC columns. The investigated parameters 
included the longitudinal reinforcement ratio (1%, 2%, 3%, and 4%), concrete strength (25, 35, 
45, and 55 MPa), and the contribution of bars in compression (considered and neglected). In 
this investigation, the section analysis above (scenario A and B) was used to calculate the 
nominal axial and flexural resistances of a circular column with the same cross section as the 
tested specimens (see Figure 4.16). The results of this investigation are presented in three 
points. 
4.6.1 Effect of Increasing the CFRP Longitudinal-Reinforcement 
Ratio  
The effect of longitudinal-reinforcement ratio ( f ) was more pronounced in scenario B, which 
considered bar contribution. Increasing this ratio increased the axial and flexural resistances. 
The value of this increase depended on the level of eccentric loading and concrete strength. For 
instance, with e/D =8.2%, cf=25 MPa, and f =1%, the axial force increased by 12%, 25%, 
and 39% for f = 2%, 3%, and 4%, respectively. Moreover, with e/D =65.6%, cf=25 MPa, 
and f =1%, the flexural moment increased by 29%, 51%, and 75% for f = 2%, 3%, and 4%, 
respectively.  
4.6.2 Effect of Increasing the Concrete Strength  
The impact of concrete strength was evident for the whole investigation. Increasing this ratio 
increased the axial and flexural resistances. Nevertheless, in this investigation, the failure of 
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CFRP-RC columns was not triggered by bars rupturing on the tension side (tension-controlled). 
At lower reinforcement ratios, however, increasing the concrete strength decreased the neutral-
axis depth, thereby increasing the tensile stresses in the outermost bars on the tension side. For 
example, for e/D =65.6%, cf=55 MPa, and =1%, the tensile stress in the outermost bars 
reached 6,450 με. 
4.6.3 Effect of Ignoring Bar Contribution in Compression 
Ignoring the contribution of bars resulted in ignoring a significant increase in the axial and 
flexural resistances under concentric loading and under low, moderate, and high eccentric 
loading. For instance, ignoring this contribution underestimated the axial force by 
approximately 25%, 50%, 75%, and 100% for f =1%, 2%, 3%, and 4%, respectively at cf
=25 MPa. 
  
f
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Figure 4.16– Theoretical interaction diagrams (D=305mm and r/R=0.77): (a) ignoring the 
contribution of the CFRP bars in compression; and (b) considering the contribution of CFRP bars in 
compression 
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4.7 Conclusions 
The structural performance of the eccentrically loaded CFRP circular concrete columns was 
investigated and compared to steel-RC circular concrete columns. Four different levels of 
applied eccentric loading: low, moderate, high, and extreme for eccentricity-to-diameter ratios 
of 8.2%, 16.4%, 32.8%, and 65.6%, respectively. Based on the detailed discussions and the 
analytical results, the following observations were made: 
1. The CFRP and steel-RC columns behaved similarly up to their peak loads. The load-
carrying capacity and flexural resistance of the CFRP-RC columns were on average 4% 
lower than their steel-RC counterparts at low; moderate; high eccentric loading and 
were on average 2% higher for the CFRP-RC column than its steel-RC counterpart at 
extreme eccentric loading. 
2. The test observations indicate that the failure of CFRP-RC columns was not triggered 
by bars rupturing on the tension side. Specimens C-25 and C-50 exhibited brittle 
compression failure, while specimens C-100 and C-200 exhibited a less brittle flexural–
compression failure. 
3. In comparison to the concentric specimens, the average initial axial stiffness decreased 
to levels of 59%, 45%, 25%, and 9% due to low, moderate, high, and extreme eccentric 
loading. 
4. CFRP reinforcement could be used as an internal reinforcement in eccentric columns, 
provided that the maximum compression strength could be limited to 40% of the 
reinforcement’s ultimate tensile strength.  
5. CFRP bars developed up to 0.41% and 0.48% compressive and tensile strains, 
respectively, at peak, confirming that CFRP bars were effective in resisting 
compressive and tensile stresses. The maximum compressive strain developed in bars 
was 0.51% when the outermost bars were crushed, although the maximum tensile strain 
developed in bars was 0.9% (76% of the ultimate tensile strain) when the test was 
stopped. 
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6. CFRP spirals were able to fulfill their function as transverse reinforcement in terms of 
providing lateral supports to the compression and tension bars and confining the 
compressive concrete core until and after the peak. The CFRP spirals developed up to 
25% of their ultimate tensile strain. The tensile strain developed in the spirals was 
1.17% (98% of the ultimate spiral-strain) when the test was stopped;  
7. Based on the parametric investigation, the failure of CFRP-RC columns under eccentric 
loading is not triggered by bars rupturing on the tension side (tension-controlled), 
provided that the minimum reinforcement ratio is not less than 1% for normal-strength 
concrete. Moreover, ignoring the compression contribution of the CFRP bars 
underestimated the axial force by approximately 25%, 50%, 75%, and 100% for total 
reinforcement ratios ( f ) =1%, 2%, 3%, and 4%, respectively, at cf=25 MPa. 
Integrating the contribution of the compression CFRP bars, however, returned a more 
reasonable estimation. 
 CHAPTER 5  
Efficiency of Glass-Fiber Reinforced-Polymer 
Discrete Hoops and Bars in Concrete Columns 
under Combined Axial and Flexural Loads 
(Reference: Journal Composite: Part B, Elsevier, 114; 223-236, 2017) 
 
Abstract 
Discrete hoop reinforcement is preferable over continuous spiral reinforcement due to ease of 
construction in bridge applications. This research presents the experimental results of full-scale 
circular concrete columns reinforced with glass-fiber-reinforced-polymer (GFRP) bars and 
confined with GFRP discrete hoops subjected to combined axial compression loads and 
bending moments. The findings of the experimental work were integrated with a theoretical 
analysis based on the strain computability and force equilibrium to extend the parametric study. 
The lowest and highest bounds of the mechanical properties of GFRP reinforcement along with 
concrete strength and reinforcement ratio were employed. Sets of axial force–bending moment 
(P-M) interaction diagrams and indicative guide charts are introduced, and recommendations 
drawn. The compressive-strength contribution of GFRP reinforcement is reviewed and 
discussed. The results reveal that the GFRP bars developed compression and tension strains up 
to -0.003 and 0.008 at peak loads and up to -0.015 and 0.0135 at failure on the compression 
and tension sides, respectively. The confinement provided by GFRP discrete hoops (9.5 mm) 
spaced at 80 mm prevented the buckling of longitudinal GFRP bars up to and even past the 
peak load until failure occurred. Based on the experimental and theoretical results, the 
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minimum GFRP longitudinal reinforcement ratio was found to be 1% in order to prevent 
tension failure (GFRP-bar rupture), provided that the mechanical properties comply with the 
limits of the available codes and standard. 
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5.1 Introduction 
Deterioration of concrete structures reinforced with steel bars can be seen daily as steel-
corrosion problems worsen. Fiber-reinforced-polymer (FRP) bars have been winning the trust 
and acceptance of public agencies and regulatory authorities in North America. Several bridges 
have been built in Quebec with glass-FRP (GFRP) bars in deck slabs (EI-Salakawy and 
Benmokrane 2003; El-Salakawy et al. 2003; El-Salakawy et al. 2005; Benmokrane et al. 2007; 
ACI 440.1R 2015). Consequently, there has been a remarkable increase in the use of GFRP 
bars in Canada, where more than 200 bridge structures have been successfully built (ACI 
440.1R 2015). Moreover, GFRP bars have been used in Canada in other concrete structures 
such as parking garages (Benmokrane et al. 2012), water tanks (Benmokrane and Mohamed 
2014), seawalls, and tunnels (ACI 440.1R 2015). 
Concrete bridge pier columns and pile applications are considered as live examples of 
structures experiencing corrosion problems. Compressive forces acting on steel-reinforced-
concrete (steel-RC) columns are mostly resisted by the concrete. Vertical and transverse steel 
reinforcement mainly provides ductility and confinement to the concrete section. The average 
load carried by these bars under axial loading has been found to range from 12% to 16% for 
circular and rectangular concrete columns with ρF =1.3% and 2.2%, respectively (Tobbi et al. 
2012; Afifi et al. 2013a). The maximum contribution of compression FRP bars in pure axially 
loaded columns at ultimate concrete strain (typically εcu =0.003) is expected to be small (ACI 
440.1R 2015) due to FRP having a relatively lower elastic modulus compared to steel. This is 
absolutely true when compressive forces are dominant in the section (low to moderate 
eccentricity). Hence, since FRP is elastic by nature and does not yield (see Fig. 5.1), so that it 
could contribute considerably under specific circumstances. At high eccentricity, FRP bars 
could develop higher strains/stresses on the compression and tension sides capable of 
substituting for the cracked degraded concrete. Also, the tensile Young’s modulus of the GFRP 
bars here in compliance with ACI 440.1R (2015) ranged from 35 to 51 GPa and the ultimate 
tensile strength ranged from 483 to 1600 MPa, as shown in Fig. 5.1. These values resulted in 
maximum tensile strains ranging from 1.4% to 3.1%. Furthermore, the compression Young’s 
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modulus of GFRP bars remains debatable and questionable, which is discussed below. Having 
a wide variance of data and mechanical properties impedes publishing a reliable set of 
recommendations and regulations of GFRP-RC columns and supports ignoring the 
compression contribution of GFRP bars. 
 
Figure 5.1– Stress–strain relationship for steel and commercial GFRP bars 
This work is a part of a comprehensive research program on the performance of concrete 
columns reinforced with glass- and carbon-FRP bars made with normal- and high-strength 
concrete under concentric/eccentric loading, which was conducted under the Tier-1 Canada 
Research Chair on Advanced Composite Materials for Civil Structures in the Department of 
Civil Engineering at the University of Sherbrooke. 
5.2 Research Objective 
This research aimed to introduce a detailed discussion about the behavior of GFRP-RC 
columns under eccentric loads. The efficiency of using GFRP discrete hoops and bars in 
concrete columns under combined axial and flexural loads was evaluated. A guideline for the 
analysis and design was proposed, accompanied by sets of guide charts to provide 
recommendations assimilating the wide variance of physical and mechanical properties of 
GFRP bars and hoops.  
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5.3 Past Research 
Several studies (Paramanantham 1993; Alsayed et al. 1999; De Luca et al. 2010; Pantelides et 
al. 2013; Afifi et al. 2013a; Mohamed et al. 2014; Tobbi et al. 2014; Hales et al. 2016; Hadi 
and Youssef 2016; Hadi et al. 2016; Karim et al. 2017a) experimentally investigated the 
behavior of GFRP-RC columns under pure static axial loading in rectangular or circular 
sections. It was generally reported that the failure mechanism was usually initiated by vertical 
cracks, initially followed by lateral deflection of the vertical bars, resulting in splitting of the 
concrete cover, and then by crushing of the concrete core, buckling/crushing of the vertical 
reinforcing bars, and rupture of the transverse reinforcement. Specimens with high confinement 
showed a well-defined second peak, while specimens with low confinement experienced 
sudden and explosive failure (Tobbi et al. 2012; Afifi et al. 2013a; Mohamed et al. 2014a; Hadi 
et al. 2016). Past studies reported that discrete hoop reinforcement could be favorable over 
continuous spiral reinforcement because of the ease of construction. The discrete nature of 
hoops provides an advantage in seismic-critical elements, because the failure of one hoop does 
not lead to premature plastic-hinge failure (Sheikh and Toklucu 1993; Mohamed et al. 2014). 
FRP can be used as many types of reinforcement that could replace tradition steel bars. 
Recently, various investigations were conducted to study the behavior of glass FRP (Hadhood 
et al. 2017a; Ali et al. 2016a, 2016b), carbon FRP (CFRP) (Hadhood et al. 2017c; Mohamed 
et al. 2016), and basalt FRP (BFRP) (Elgabbas et al. 2016; Fan and Zhang 2016). Few studies 
have experimentally investigated the behavior of GFRP-RC columns under static eccentric 
loading involving rectangular slender columns (Paramanantham 1993; Tikka 2008; Xue et al. 
2014), circular slender high-strength-concrete (HSC) columns confined with single or double 
GFRP spirals (Hales et al. 2016), short rectangular or spirally circular columns (Hadi and 
Youssef 2016; Hadi et al. 2016), and spirally circular HSC columns (Hadhood et al. 2017a, 
2017d). The failure of the tested short columns with small to moderate eccentricity 
(eccentricity-to-side ratio ranged from 0.12 to 0.16) was generally characterized by 
compression-controlled failure due to concrete crushing on the compression side, 
accompanied, in some cases, with crushing of the longitudinal GFRP bars with/without rupture 
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of one or more ties/spirals. The failure of circular HSC short columns with high eccentricity 
(eccentricity-to-diameter ratio ranging from 0.33 to 0.66) was flexural tension, initiated 
because of excessive axial and lateral deformations and cracks on the tension side until 
secondary compression failure occurred owing to the strain limitations of the concrete 
(Hadhood et al. 2017a, 2017b). The failure of slender columns was, however, characterized as 
either material or stability failure based on the level of the applied eccentricity.  
In addition to the experimental studies, valuable theoretical approaches were developed by 
many researchers (Choo et al. 2006a, 2006b; Mohamed and Masmoudi 2010; Zadeh and Nanni 
2013; Hadi et al. 2016; Hadhood et al. 2017a) to better estimate the nominal axial force and 
bending moment of GFRP-RC columns under static eccentric loading. Zadeh and Nanni (2013) 
developed a methodology to design concrete columns reinforced with GFRP bars and ties using 
GFRP bars in tension only with a maximum strain limit of 1%, whereas bars in compression 
could be replaced with an equivalent area of concrete. Choo et al. (2006a) presented an 
ultimate-strength approach to examine the strength interaction behavior of FRP-reinforced-
concrete columns with rectangular sections. According to their analysis, the balance points did 
not appear in the strength interactions of these columns due to the differences in material 
stress/strain responses. The analytical results show that the columns tended to undergo brittle 
tension failure associated with tensile rupture of the FRP bars. Thus, they also developed charts 
in a different publication (Choo et al. 2006b) for choosing minimum reinforcement ratios that 
would avoid this type of failure in comparison to that controlled by concrete crushing. Other 
researchers used simple section analysis and the equivalent rectangular stress block to generate 
different sets of peak axial load–bending moment diagrams. The effect of ignoring the 
compression contribution of GFRP bars was also investigated (Hadi et al. 2016; Hadhood et 
al. 2017b). According to their findings, ignoring the contribution of the GFRP bars in 
compression leads to a considerable difference between analytical and experimental results. 
On the other hand, numerous studies were conducted to study the compression behavior of 
GFRP bars (Wu 1990; Saadatmanesh and Ehsani 1991; Chaallal and Benmokrane 1993; 
Kobayashi and Fujisaki 1995; Clarke 2003; Deitz et al. 2003; Bruun 2014). Some of them (Wu 
1990; Chaallal and Benmokrane 1993) used the test method in ASTM D695 (1991), while 
others (Kobayashi and Fujisaki 1995; Deitz et al. 2003; Bruun 2014) developed new 
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techniques, claiming that this test was not capable of adequately predicting the compression 
strength of FRP reinforcing bars. In fact, FRP is an anisotropic material whose strong axis is 
longitudinal. Moreover, the mechanical properties of FRPs differ significantly from one 
product to the next, depending on many factors, such as fiber and resin volume and type, fiber 
orientation, and quality control during manufacturing. Consequently, the findings of the studies 
presented above were mostly found to be diverse and disparate. In essence, the compressive 
strength of GFRP bars should not exceed 0.003EF as long as concrete crushing prevails, which 
is in accordance with the findings reported by Paramanantham (1993). In addition, the Young’s 
modulus of GFRP bars in compression, accordingly, ranged from 72% to 100% of the tension 
Young’s modulus (Wu 1990; Chaallal and Benmokrane 1993; Deitz et al. 2003; Bruun 2014). 
5.4 Experimental Program 
5.4.1 Materials 
Sand-coated GFRP bars and GFRP discrete hoops were used to reinforce the column specimens 
in the longitudinal and transverse directions, respectively. The GFRP longitudinal bars and 
hoops were made of continuous E-glass fibers impregnated in a thermosetting vinyl-ester resin, 
additives, and fillers (Pultrall 2012). The GFRP reinforcement had a sand-coated surface to 
enhance bond performance between the bars and the surrounding concrete. No. 5 GFRP bars 
were used as longitudinal reinforcement in all the GFRP-RC columns; No. 3 GFRP hoops were 
used as transverse reinforcement. Figure 5.2 shows the GFRP cages used in this study. The 
tensile properties of the longitudinal GFRP bars (No. 5) and the straight portion of the bent 
GFRP bars (No. 3) were determined per ASTM D7205 (2011), as reported by the manufacturer 
in Table 5.1. 
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Table 5.1 – Mechanical properties of the GFRP reinforcement 
Bar 
Size 
Diamete
r 
(mm) 
Nominal 
Areaa 
(mm2) 
Immersion 
Area 
(mm2) 
Elastic 
Tensile 
Modulus 
(GPa) 
Tensile 
Strength 
(MPa) 
Tensile 
Strain 
(%) 
# 3 9.5 71 81.5 52.5±2.5 1,328b 2.50 
# 5 15.9 199 221.9 54.9±2.5 1,289b 2.35 
        a The tensile modulus and strength were calculated based on these values. 
        b Ultimate tensile strength 
 
                   
Figure 5.2– Details, column dimensions, and overview of GFRP cages with discrete hoops. 
5.4.2 Specimen Fabrication 
The test matrix was designed to investigate the eccentric behavior of RC columns reinforced 
with GFRP bars and hoops. In this study, all specimens were reinforced longitudinally with 
Hoop overlap length
Ld= 200, 400, or 600 
Cross section
Positions of 
strain gages 
at midheight 
level 
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No. 5 GFRP bars and transversely with No. 3 GFRP hoops. Table 5.2 provides the test matrix 
and reinforcement details of the column specimens. In order to specify a proper overlap length 
of the GFRP hoops, three columns (C1-p1, C2-p1, and C3-p1) from the same concrete batch 
were employed for this purpose. The test observations did not show strain relaxation, pullout, 
or slippage failure in the GFRP hoops up to column failure. Basically, these specimens failed 
because of hoop rupture at locations beyond the splice length. It was therefore determined that 
the three investigated overlap lengths (20 db, 40 db, and 60 db, where db is the bar diameter) 
maintained structural integrity without any slippage up to the post-peak load level. Eight 
columns were tested under different levels of eccentricity to study the structural performance. 
Specimens (C1-p1, C2-p1, C3-p1, and C1-p2) were tested under pure axial loading, while 
others (C2-p2, C3-p2, C4-p2 and C5-p2) were tested under different levels of eccentricity. Four 
eccentricity-to-diameter ratios were estimated and applied: 25 mm (8.2%); 50 mm (16.4%); 
100 mm (32.8%); and 200 mm (65.6%).  
Table 5.2 – Specimen details and summary of test results 
Specimen 
ID 
'
cf  
(MPa) 
ρF 
(%) 
ρT 
(%) 
Ld 
(mm)
e  
(mm)
e/D
(%)
Pn,exp 
(kN)
∆a 
(mm)
Mn1,exp b 
(kN.m) 
Mn2,exp c 
(kN.m) 
Mn,expd
(kN.m)
C1-p1 42.9 
8 No. 5  
(2.2%) 
No.3 
hoops 
@ 80 
mm 
(1%) 
200 — — 2,840 — — — — 
C2-p1 42.9 400 — — 2,871 — — — — 
C3-p1 42.9 600 — — 2,935 — — — — 
C1-p2 35 400 — — 2,564 — — — — 
C2-p2 35 400 25 8.2 2,060 4.0 51.5 8.2 59.7 
C3-p2 35 400 50 16.4 1,511 6.5 75.6 9.8 85.4 
C4-p2 35 400 100 32.8 776 10.0 77.6 7.8 85.4 
C5-p2 35 400 200 65.6 366 13.6 73.2 5.0 78.2 
a Mid-height lateral deflection. 
b Mn1,exp = Pn,exp * e.  
c Mn2,exp = Pn,exp * ∆. 
d Calculated based on Eq. (5.23).   
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The overlap lengths for GFRP hoops in these columns were taken 400 mm (considering the 
test results and CSA S806 (2012) splice length requirements in tension), spaced on 80 mm 
centers. The hoop spacing was reduced to 50 mm outside the free region at both ends (250 mm 
in length) to avoid premature failure. The concrete cover was kept constant at 25 mm from the 
face of the hoops.  
The specimen design and analysis were carried out per CSA S806 (2012). The circular columns 
were prepared for vertical casting in very stiff Sonotubes. Wooden formwork was used to hold 
the Sonotubes plumb. Then, the GFRP cages were inserted into the Sonotubes. All columns 
were cast vertically to simulate typical construction practices for columns and piles. The 
concrete was provided by a local ready-mix concrete company. The specimens were 
instrumented by attaching electric strain gauges to measure strains in the longitudinal bars, 
hoops, and concrete surfaces. The top and bottom surfaces were leveled to ensure uniform load 
distribution. The columns were placed on predesigned steel leveling plates to adjust leveling, 
and then a thin grout layer was cast on that end. The next day, the columns were flipped to 
level the other end. Moreover, linear potentiometers (LPOTs) were mounted to measure the 
axial and/or lateral displacements. Before casting, strain gauges were fixed on the outermost 
longitudinal bars and hoops on both the tension and compression sides. At least 24 hours before 
testing began, concrete gauges were attached to the compression side. All gauges were located 
at column mid-height in the positions where the maximum strains were expected. Before 
testing began, LPOTs were mounted vertically on the head ram to measure axial displacement 
(see Fig. 5.3), while others were mounted laterally on the tension and compression sides (for 
the eccentrically loaded specimens) to measure lateral displacement at the mid-height and 
quarter-height levels, as shown in Fig. 5.3.  
5.4.2.1 Concentrically loaded column specimen 
Specimen C1-p2 was tested to failure under pure axial loading (flat edges) to calculate Po,exp, 
which was taken as a control specimen for the eccentrically loaded columns. This value (Po,exp) 
was compared with other similar specimens with a different concrete batch (C1-p1, C2-p1, and 
C3-p1) and was found to be close.  
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Before testing, rigid steel collars measuring 250 mm in height and 12.7 mm in thickness were 
confined externally at the end regions to further prevent premature failure. This specimen was 
tested on a 6,000 kN Forney machine (see Fig. 5.3) located at the Construction Facilities 
Laboratories of the Department of Civil Engineering at the University of Sherbrooke. 
5.4.2.2 Eccentrically loaded column specimens 
Four specimens (C2-p2, C3-p2, C4-p2, and C5-p2) were tested under different eccentricities. 
The eccentricity values were estimated to produce a reasonable transition from compression to 
tension control of the GFRP-RC columns. Specimen C2-p2 was tested at 25 mm eccentricity 
(e/D=0.082) and the effect of minimum eccentricity on axial capacity was examined. 
Specimens C3-p2 and C4-p2 were tested at 50 mm (e/D=0.16) and 100 mm (e/D=0.33) 
eccentricities, respectively, to represent moderate to high eccentricity. Specimen C5-p2 was 
tested at 200 mm eccentricity (e/D=0.66) and the effect of very high eccentricity (beam-style) 
on axial capacity was examined. Rigid steel end caps measuring 250 mm in height and 25 mm 
in thickness were installed on specimen edges. Each end cap was bolted to a 40-mm roller 
bearing (knife edge) to allow variance in eccentricity, as shown in Fig. 5.3. For each specimen, 
the total bending moment Mn,exp was calculated based on the applied initial eccentricity e and 
the measured lateral deflection ∆. Table 5.2 summarizes the details of these specimens and the 
test results. 
5.4.3 Strength and failure modes 
The failure mechanism of the control specimen (C1-p2) was comparatively brittle as well as 
more sudden and explosive than that of the eccentrically loaded columns. As the load increased, 
the lateral expansion of the core was restrained by the passive pressure provided by the GFRP 
hoops. The cover shell was restrained solely by tensile stress at the cover–core interface. 
During testing, limited vertical hairline cracks started to appear (see Fig. 5.3b) at approximately 
85% to 95% of the column’s peak load at mid-height. Before that, the concrete cover was 
visually free of cracks. At this moment, visible vertical and inclined cracks rapidly initiated 
and propagated around the column, contributing to cover splitting. Once the cover spalled, the 
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cover concrete gradually lost its load. At the same time, the passive confinement of the core 
provided by the GFRP hoops increased noticeably. In circular concrete columns, passive 
confinement is normally provided by spiral or hoop reinforcement. In this case, at low levels 
of stress in the concrete, the transverse reinforcement bears nearly no stress, so the concrete is 
unconfined. The concrete becomes confined when, at stresses approaching uniaxial strength, 
the transverse strains become very high because of microcrack formation and growth. The 
concrete dilates, activating the spiral or hoop reinforcement, which then applies confining 
pressure to the concrete (Mohamed et al. 2014). Failure of C1-p2 was initiated by concrete 
crushing accompanied by buckling/crushing of the GFRP bars and rupture of three hoops (see 
Fig. 5.3b). The maximum peak load recorded for C1-p2 was 2,564 kN, which corresponds 
approximately to an average compressive stress of 35 MPa (100% of the concentric strength 
measured on standard cylinders,
cf  ). 
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Figure 5.3– Test setup and failure mode of column specimens: (a) Eccentrically loaded 
specimens and (b) concentrically loaded specimens 
 
(a)
(b) 
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The failure mechanism of the eccentrically loaded specimens was less brittle and could be 
described as ductile as much as the eccentricity increased. The spalling of the cover of these 
columns was limited to the region at the mid-height level on the compression sides only. In the 
case of C2-p2 (e/D=0.082), the section was under full compressive stress until the peak load 
was reached. The concrete surface was visually free of cracks until approximately 90% of the 
peak load was attained. The ascending branch of the axial load–lateral deflection response (P-
∆), as shown in Fig. 5.4, along with the ascending branch of the concrete surface response (P-
εc), as shown in Fig. 5.5, indicate that the section had started nonlinearity at a load level of 
approximately 50%.  
 
Figure 5.4– Lateral deflection response (P-∆) for the eccentrically loaded specimens 
The surface concrete strain on the compression side at this point was -0.0013. At peak load, 
numerous vertical and inclined cracks initiated and rapidly widened on the compression side. 
At the same time, the tension side remained free of cracks. Shortly thereafter, however, it 
cracked mainly due to the migration of the neutral-axis with increasing bending stresses. The 
failure of this specimen was compression controlled, initiated by spalling of the unconfined 
concrete cover at approximately -0.004 concrete strain, followed by concrete crushing of the 
compressive concrete block. The maximum axial load supported by this column was 2,060 kN. 
For column C3-p2, most of the section was under compressive stress until the peak load was 
reached. The behavior and failure mechanism of C3-p2 were, however, very similar to those 
of C2-p2. The maximum axial load supported by this column (C3-p2) was 1,511 kN.  
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Figure 5.5– Surface concrete strain response (P-εc) for the eccentrically loaded specimens 
The contribution of GFRP bars (under compression and tension) could be determined by using 
assumptions consistent with those applicable to steel-RC column cross sections: (1) plane 
sections remain plane under bending; (2) a perfect bond exists between the GFRP 
reinforcement and surrounding concrete; (3) the compressive modulus of GFRP bars are 80% 
of their tensile modulus (ACI 440.1R 2015); (4) the force in any GFRP bar can be calculated 
by multiplying the measured strains by the tensile/compressive Young’s modulus and the 
GFRP bar area (Fb,exp=εF,exp* EF *Ab); and (5) the tension strength of concrete is neglected. 
Where Fb,exp is the force in a GFRP bar in N calculated based on the test results; εF,exp is strain 
in GFRP bar based on the test results; EF is Young’s modulus in MPa for GFRP bars in tension 
or compression; Ab is Area of one GFRP bar in mm2 based on the nominal area. 
At peak load, the measured strains (stresses) on the outermost GFRP bars located on the 
compression and tension sides were -0.004 (approximately -176 MPa) and 0.001 (55 MPa), 
respectively. The total tensile and compressive forces in all of the GFRP bars were located on 
the compression and tension sides and were approximately -118 kN and 26 kN, respectively. 
These values are small compared to the nominal axial load reached, so the columns underwent 
sharp strength decay after the peak. Figure 5.6 shows the GFRP bar strain response on the 
compression and tension sides of all the eccentrically loaded columns. The ratio of the nominal 
axial load of C2-p2 and C3-p2 to that obtained for C1-p2 was 80% and 60% for each one, 
respectively. As eccentricity increased, the neutral axis migrated to the quarter-depth and 
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further to mid-depth in C4-p2 and C5-p2, respectively. The maximum axial load supported by 
these specimens was 776 and 366 kN, respectively. The ratios of the nominal axial loads of 
these specimens to that obtained for C1-p2 were 30% and 14%, respectively. In such high 
levels of eccentricity, when the unconfined concrete cover reached its maximum strain, the 
longitudinal bars of these specimens reached considerable strain levels at their peak loads, as 
shown in Fig. 5.6. Consequently, after the cover spalled, the bars on the compression and 
tension sides, respectively, could develop high compressive and tensile forces required to 
maintain section equilibrium under constant axial forces and increased secondary bending 
moments (resulting from an increase in lateral deflections) as the concrete compressive blocks 
gradually degraded. GFRP bars are characterized to provide larger stiffness at larger strains in 
a stable manner. This approach is unique and required for columns, particularly when strain 
reversal occurs in the longitudinal bars. Recent research demonstrated the efficiency of GFRP 
bars for this purpose (Mohamed et al. 2014b; Ali and El-Salakawy 2015). 
 
Figure 5.6– Bar strain response (P-εbar) for the eccentrically loaded specimens 
In C5-p2, the measured strains (stresses) on the outermost bars located on the compression and 
tension sides were -0.0031 (approximately -136 MPa) and 0.008 (440 MPa), respectively. The 
total calculated compressive force developed in the GFRP bars located on the compression 
side, at peak, was approximately -54 kN. On the tension side, the total calculated tensile force 
developed in the GFRP bars located on the tension side, at peak, was 285 kN. These forces 
were approximately 92% of the peak load reached. Similarly, in C4-p2, the measured strains 
(stresses) on the outermost bars located on the compression and tension sides were -0.0037 
(approximately -163 MPa) and 0.0032 (176 MPa), respectively. The total calculated 
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compressive and tensile forces for all the GFRP bars located on the compression and tension 
sides were -98 kN and 90 kN, respectively.  
On the other hand, as the compressive concrete block deteriorated, the forces developing in the 
GFRP bars increased to sustain the nominal axial load. This process continued (see Fig. 5.6) 
until the GFRP bars stopped developing the forces required to maintain section equilibrium, 
which could occur by the rupture of GFRP bars on either side. In essence, the failure of these 
specimens (C4-p2 and C5-p2) could be described as a primary flexural–tension failure resulting 
from degradation of the concrete compressive block under constant axial loads. For safety 
reasons and at large deformations, the test was stopped considering the maximum displacement 
limitation of the testing machine and before reaching the rupture tensile strain of the GFRP 
bars. 
5.4.4 Hoop Efficiency of the Eccentrically Loaded Columns 
Hoop strain response on the compression side was affected by the level of applied eccentricity. 
All the columns had similar initial slopes on the load-hoop strain curves; the measured strains 
were also minimal in the beginning. Hoop activation depended primarily on the volume and 
dilation of the compressive concrete block. Cross sections of C2-p2 and C3-p2 were almost 
under full compressive stresses up to peak. As a result, the hoop strains measured at peak were 
approximately 0.0023 and 0.0024 for C2-p2 and C3-p2, respectively. After the cover spalled, 
the normal stress in the core on the compression side reached the critical stress level, leading 
to significant lateral confining pressure. Consequently, the strain gauges recorded a progressive 
increase in the hoops up to concrete crushing. The maximum strains recorded at failure were 
0.013 and 0.01 for C2-p2 and C3-p2, respectively. As the level of eccentricity increased, for 
C4-p2 and C5-p2, the neutral axis migrated, and the compressive concrete block decreased. 
The hoops could adequately confine the columns until the test was halted. Figure 5.7 shows 
the hoop response for the eccentrically loaded specimens. The results obtained for these 
columns revealed that the confinement provided by the No. 3 hoops at a spacing of 80 mm 
prevented the buckling of longitudinal reinforcement up to and even beyond peak load up to 
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failure. GFRP discrete hoops could therefore provide effective confinement to GFRP-RC 
columns at cyclic loading, provided they meet CSA S806 (2012) requirements. GFRP hoops 
could develop increasing levels of confinement of core concrete with increased deformation in 
a stable response. Moreover, the test results indicate that no strain relaxation, pullout, or 
slippage failure in the GFRP hoops occurred up to failure. It can be concluded that using an 
overlap length of 40db, considering the CSA S806 (2012) splice length requirements in tension, 
maintained structural integrity without any slippage up to the post-peak load level of the 
eccentrically loaded columns. 
 
Figure 5.7– Hoop strain response (P- εhoop) for the eccentrically loaded specimens 
5.5 Analytical Program 
5.5.1 Strain Compatibility and Force Equilibrium Analysis 
In order to properly predict the nominal axial force and bending moments of the tested columns, 
a detailed sectional analysis was conducted based on strain compatibility, internal-force 
equilibrium, and controlling the strength limit state. For a comprehensive analysis, different 
scenarios were implicitly extracted from the literature to account for the probable compression 
contribution of the GFRP bars, in accordance with ACI 440.1R-15, the following assumptions 
were considered: 
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 Strain in the GFRP reinforcement and concrete shall be assumed to be directly 
proportional to the distance from the neutral axis, assuming a perfect bond between 
them (plane sections remain plane after deformations based on the Euler–Bernoulli 
theory). 
 The equilibrium of forces and strain compatibility are satisfied. 
 The strength factors for concrete and GFRP bars are set to unity. 
 The maximum usable strain at the concrete compression fibers (εcu) shall be assumed 
to be 0.003, as provided for in ACI 440.1R (2015), and the concrete tensile strength 
shall be neglected in the calculation. 
 The distribution of concrete compressive stress can be described by the equivalent 
rectangular stress block (ERSB) defined in ACI 318 (2014) and ACI 440.1R (2015). 
 The stress–strain curve of GFRP reinforcement is idealized as linear-elastic up-to 
failure. 
5.5.2 Theoretical Development of Nominal Axial Force and 
Bending Moment 
This section provides a detailed explanation of the assumptions and calculations for the 
different scenarios. Referring to Fig. 5.8, the properties of the compression concrete segment 
at any level of eccentricity should be calculated as: 
2
cA R   (5.1) 
32 sin
3c
Ry    (5.2) 
sin cos      (5.3) 
1 aCos
R
    (5.4) 
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1 1
0.05( 28), 0.85 0.657
cfa c       (5.5) 
Where Ac is area of the circular compressive concrete segment; R is radius of the circular 
concrete section; a is the height of the equivalent rectangular stress block. 
 
Figure 5.8– Proposed section analysis based on ERSB 
Moreover, the outermost strain in the first layer on the tension side, should concrete crushing 
occur, is calculated as: 
1
( )
F cu
c d
c
   (5.6) 
( 1)2
Dd    (5.7) 
Where εF1 is strain for the outermost longitudinal GFRP bars on the tension side calculated 
based on the strain compatibility; c is neutral-axis distance; d is distance from the concrete 
surface on the compression side to the centroid of the outermost bars on the tension side; εcu is 
ultimate concrete strain; D is column diameter; γ is the ratio of the distance between the 
outermost compressive and tensile reinforcement to the section diameter. 
If tension failure occurs, the outermost strain at the compression concrete fiber should be 
calculated as: 
, ,( )c anal Ft u
c
c d
    (5.8) 
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Where εc,anal  is strain at the outermost concrete surface on the compression side and calculated 
based on the strain compatibility; εFt,u is the ultimate tensile strain of the GFRP bars or the 
GFRP hoops as reported by the manufacturer. 
Scenario (1): full contribution of the GFRP bars in compression (EFc/EFt =1) 
In the first scenario, the contribution of GFRP bars in the compression and tension sides was 
fully employed. This scenario is based on the findings of Chaallal and Benmokrane (1993) and 
Deitz et al. (2003), in which the Young’s modulus in compression (EFc) can be considered 
approximately equal to that of tension (EFt), based on their limited testing. The pure axial force 
was calculated as: 
, ,0.85 ( ) 0.003o c c F tot Ft F totP f A A E A    (5.9) 
Where AF,tot is the total area of GFRP bars based on the nominal area. 
At any level of eccentricity, by achieving an equilibrium of forces (see Fig. 5.8) and strain 
compatibility, the nominal axial and flexural resistances can be calculated as: 
1 1
0.85 ( ) ( )
nc nt
n c c Fc Ft F Fc FtP f A A E A        (5.10) 
1 1
0.85 ( ) ( )
nt nc
n n c c Fc c Ft F Ft Ft Fc FcM P e f A A y E A y y        (5.11) 
Where AF is the area in mm2 of one layer of GFRP bars based on the nominal area; AFc is the 
area in mm2 of GFRP bars located on the compression zone based on the nominal area; εFc and 
εFt  are strains in longitudinal GFRP bars located on the compression side and tension sides, 
respectively; yc is distance in mm between the centroid of the concrete segment on the 
compression side and the centroid of the concrete cross section, point o; yFc and yFt are distances 
in mm between GFRP layer on compression and tension sides, respectively, and the centroid 
of the concrete cross section, point o; nc and nt are number of GFRP layers on compression and 
tension sides, respectively. 
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Note that the flexural resistance induced from the GFRP bars, at any level of eccentricity, could 
be positive or negative depending on their location with respect to the sectional centroid (point 
o). 
Scenario (2): partial contribution of the GFRP bars in compression (EFc/EFt =0.80) 
In this scenario, the contribution of GFRP bars in compression was 80% of the contribution in 
tension. This scenario represents the findings of Wu (1990), in which the compressive modulus 
of elasticity was approximately 80% of the tensile modulus of elasticity of the same for GFRP 
product. The pure axial force was calculated as: 
, ,0.85 ( ) 0.0024o c c F tot Ft F totP f A A E A    (5.12) 
At any level of eccentricity, by achieving an equilibrium of forces (see Fig. 5.8) and strain 
compatibility, the nominal axial and flexural resistances can be calculated as: 
1 1
0.85 ( ) (0.80 )
nc nt
n c c Fc Ft F Fc FtP f A A E A        (5.13) 
1 1
0.85 ( ) ( 0.80 )
nt nc
n n c c Fc c Ft F Ft Ft Fc FcM P e f A A y E A y y        (5.14) 
Scenario (3): Equivalency between compression GFRP bars and concrete (EFc/EFt >0, EFc= 
Ec) 
The contribution of GFRP bars in compression was ignored in this scenario and replaced by 
the concrete. In this case, the contribution of bars in compression is higher than zero, i.e., it 
means that the compressive modulus of elasticity of the GFRP bars is equal to the modulus of 
elasticity of the concrete. This scenario represents the assumption made by Choo et al. (2006a, 
2006b); Zadeh and Nanni (2013); and Hadi et al. (2016). The pure axial force was calculated 
as: 
0 .8 5o c cP f A  (5.15) 
At any level of eccentricity, by achieving an equilibrium of forces (see Fig. 5.8) and strain 
compatibility, the nominal axial and flexural resistances can be calculated as: 
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1
0.85
nt
n c c Ft F FtP f A E A     (5.16) 
1
0.85
nt
n n c c c Ft F Ft FtM P e f A y E A y     (5.17) 
Scenario (4): Ignoring any contribution of the GFRP bars in compression (EFc/EFt =0) 
In this scenario, the contribution of GFRP bars in compression was ignored. The area of 
concrete displaced by reinforcement in compression is subtracted from the concrete 
compressive area. This scenario represents the recommendations in ACI 440.1R (2015) and 
CSA S806 (2012). The pure axial force was calculated as: 
,0 .8 5 ( )o c c F to tP f A A   (5.18) 
At any level of eccentricity, by achieving an equilibrium of forces (see Fig. 5.8) and strain 
compatibility, the nominal axial and flexural resistances can be calculated as: 
1
0.85 ( )
nt
n c c Fc Ft F FtP f A A E A      (5.19) 
1
0.85 ( )
nt
n n c c Fc c Ft F Ft FtM P e f A A y E A y      (5.20) 
5.5.3 Failure Envelope 
The experimental failure envelope was developed based on the nominal axial force (Pn,exp) and 
bending moment (Mn,exp) of each specimen, as shown in Fig. 5.9. The resultant diagram has the 
same characteristic “knee-shape” seen in the interaction diagram of the steel-RC columns. This 
shape should not, however, considered as rule for GFRP-RC columns as a result of the wide 
variance in the mechanical properties of commercial GFRP bars, as shown above in Fig. 5.1.  
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5.5.4 Comparison of the Experimental and Predicted Normalized 
Axial Force and Bending Moment 
Figure 5.9 illustrates a comparison of the experimental normalized interaction diagram for the 
GFRP-RC columns to the predicted diagrams resulting from the four scenarios described above 
in the section analysis. This diagram was plotted in terms of Kn and Rn, based on the test results 
and the predicted values of each specimen, where: 
n
n
c g
P
K
f A
   (5.21) 
n
n
c g
M
R
f A D
   (5.22) 
,exp 1,exp 2,exp ,exp ( )n n n nM M M P e       (5.23) 
, ,n pred n predM P e   (5.24) 
Where Pn and Mn are the nominal axial force in kN and bending moment in kN.m, respectively; 
Pn,exp and Mn,exp are nominal axial force in kN and bending moment in kN.m at any level of 
eccentricity based on the test results; Mn1,exp and Mn1,exp are nominal bending moments due to 
load eccentricity and the additional lateral deflection, respectively, based on the test results; 
Mn,pred is the nominal predicted bending moment in kN.m at any level of eccentricity; ∆ is The 
mid-height lateral deflection in mm at peak load. 
The test results gave an upper bound, with a reasonable margin, which means that the predicted 
results were on the safe side. The results obtained using the first scenario (theoretical case 1), 
which considered the full contribution of the GFRP bars in compression, correlated well with 
the experimental results by a reasonable average margin of 17%. The results obtained by 
employing a compression contribution of 80% as suggested by the second scenario (theoretical 
case 2) also well matched with the experimental results by an average margin of 19%. The last 
two scenarios ignoring the compression contribution of the GFRP bars—whether replaced by 
concrete (theoretical case 3) or totally ignored (theoretical case 4)—increased the level of 
safety margin and is considered conservative by average values of 26% and 27% for theoretical 
cases 3 and 4, respectively. 
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Figure 5.9– Predicted normalized interaction diagram (Kn- Rn) in comparison with test results 
Based on the comparison herein, we can conclude that the maximum difference between the 
findings was only 10% (for the current circular section with ρF =2.2%) and it resulted from 
employing different scenarios to predict the nominal axial force and bending moment for the 
GFRP-RC columns tested under different levels of eccentricity. 
As a matter of fact, the manufacturing industry offers different types of commercial GFRP bars 
with broadly diverse mechanical properties. At the same time, the limited studies conducted on 
GFRP-RC columns, especially regarding investigating the compression contribution of the 
GFRP bars in columns, have not taken into consideration the wide variability in the mechanical 
properties of GFRP bars. In this study, a wide parametric study was carried out to account for 
this wide variance and to study the effect of using the lowest and highest bounds of GFRP bars 
in compliance with ACI 440.1R-15 in terms of the axial and flexural resistances of the GFRP-
RC columns.  
5.5.5 Parametric Investigation 
This investigation examined structural performance in terms of developing P–M interaction 
diagrams for GFRP-RC columns. The calculations of herein are based on the two extreme 
scenarios 1 and 4, in which the compression contribution of the GFRP bars was fully 
considered and then totally ignored, respectively. These scenarios presented the highest and 
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lowest predictions concerning the compression contribution of the GFRP bars to the axial and 
flexural resistances, as the comparison with the test results showed that employing different 
scenarios resulted in a maximum difference of 10%. This study also accounts for the wide 
variation in the mechanical properties (EFt and fFt,u) of the GFRP bars. Based on ACI 440.1R-
15, the tensile Young’s modulus of GFRP bars ranged from 35 to 51 GPa and the ultimate 
tensile strength ranged from 483 to 1600 MPa. These values resulted in maximum tensile 
strains ranging from 1.2% to 3.1% (ACI 440.1R-15), as shown in Fig. 5.1. Taking the highest 
and lowest bounds of the mechanical properties would cover all the commercial GFRP bars on 
the market. The highest bound (HB) correlates to EFt =51 GPa and fFt,u=1600 MPa, while the 
lowest bound (LB) correlates to EFt =35 GPa and fFt,u=483 MPa. Based on the strain 
compatibility assumed in this investigation, the maximum usable compressive strain of the 
GFRP bars (εFc,max) did not exceed the maximum concrete strain (εcu). As a result, there was no 
need to include this parameter in this investigation. The investigated parameters also involved 
different longitudinal reinforcement ratios (0.5%, 1%, 2%, 3%, 4%, 5%, and 6%), concrete 
strengths (30, 40, 50, and 60 MPa), and bar contribution in compression (scenarios 1 and 4). 
The Canadian standards and guidelines (CSA S806 2012 and A23.3 2014) allow the use of 
longitudinal reinforcement ratio smaller than 1%, provided that the bar area is not less than 
0.005 times the gross area of the section and the factored axial and flexural resistances are 
multiplied by the ratio 0.5(1+ ρf /0.01). The investigation resulted in numerous (Pn - Mn) 
interaction diagrams. Figures 5.10 and 5.11 summarized these results by plotting the diagrams 
of columns with only the minimum and maximum F . Most of these diagrams have the 
characteristic knee-shape seen in the interaction diagrams of steel-RC columns. The exception 
of this shape was found, as shown in Fig. 5.11b, for columns with high reinforcement ratios (
F =6%) and low concrete strength ( cf =30).  
This investigation revealed that increasing the F from 0.5% to 6% significantly impacted 
capacity at all levels of eccentricity for columns with 
cf =30. Nevertheless, increasing the F
for columns with higher concrete strength (
cf =60) significantly impacted capacity solely at 
high levels of eccentricity (e/D>32.8%). Beyond this limit, its impact on column capacity was 
insignificant, as shown in Figs. 5.10c and 5.10d. This finding could be explained by reviewing 
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Eqns. 10 and 11, in which the column capacity was calculated based on the contribution of the 
net concrete area plus the contribution of the compressive GFRP bars. So, increasing the F
increased the contribution of the compressive GFRP bars, but it also decreased the net concrete 
area. Accordingly, at e/D<32.8%, at which point approximately half of the section was under 
compressive stress, increasing the F for columns with cf =60 was insignificant. In fact, the 
columns with F =0.5% had similar axial forces and, at certain point, they were similar to that 
obtained for columns with F =6%, as shown in Figs. 5.10c and 5.10d. 
    
(a) f 'c = 30 MPa, 
fFtu=483 MPa, 
EFt=35 GPa 
(b) f 'c = 30 MPa, 
fFtu=1600 MPa, 
EFt=51 GPa 
(c) f 'c = 60 MPa,  
fFtu=483 MPa,   
EFt=35 GPa 
(d) f 'c = 60 MPa,  
fFtu=1600 MPa,  
EFt=51 GPa 
Figure 5.10– Pn - Mn interaction diagrams for scenario 1 (EFc/EFt=1) 
Figure 5.11 reflects the effect of ignoring the compressive GFRP bars in calculations, as in 
Eqns. 18–20. Increasing the F decreased the net concrete area; nothing was gained from 
ignoring compressive GFRP. Accordingly, using scenario 4 in design had no impact on strength 
at e/D<32.8%. After this limit, more than half of the section could be under tensile stresses, so 
the tensile GFRP bars would be greatly important. In order to provide certain percentages and 
arrive at neat conclusions for these investigations, a set of guide charts presenting the impact 
of each parameter up to e/D = 1.5 is presented in the next section. 
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(a) f 'c = 30 MPa, 
fFtu=483 MPa,  
EFt=35 GPa 
(b) f 'c = 30 MPa, 
fFtu=1600 MPa, 
EFt=51 GPa 
(c) f 'c = 60 MPa, 
fFtu=483 MPa,  
EFt=35 GPa 
(d) f 'c = 60 MPa, 
fFtu=1600 MPa, 
EFt=51 GPa 
Figure 5.11– Pn - Mn interaction diagrams for scenario 4 (EFc/EFt=0) 
5.5.5.1 Impact of increasing the mechanical properties (MP) of the GFRP bars (EFt 
and fFt,u) from LB to HB  
The impact of this parameter was more pronounced at high levels of eccentricity (e/D>32.8%), 
as shown in Fig. 5.12. This figure shows the relationship between the increase in the nominal 
axial resistance due to increasing the mechanical properties (% ∆Pn,MP) and e/D for columns 
with F =0.50% and 6%; cf =30 MPa and 60 MPa, where , ,,
,
% n HB n LBn MP
n LB
P P
P
P
  . Where 
Pn,HP and  Pn,LP are nominal axial forces in N calculated using the highest and lowest bound, 
respectively, of the mechanical properties according to ACI 440.1R-15 and at any level of 
eccentricity. This figure could also be a helpful guide to estimate whether increasing the 
mechanical properties of GFRP bars would be useful or not, based on 
cf   and F . Increasing 
this parameter from LB to HB increased the axial and flexural resistances by up to 26% for 
columns with F =0.5% (Fig. 5.12c) and by up to 18% for columns with F =6% (Fig. 5.12d). 
Columns reinforced with LB and F =0.5% failed in a brittle-tension manner due to bar rupture 
at e/D=1.5, where εFt,u=1.4%, as shown in Figs 5.10a, 5.10c, 5.11a, and 5.11c. Increasing the 
mechanical properties to the HB changed the mode of failure and increased the axial and 
flexural resistances at this level of eccentricity. Accordingly, Figs. 5.12a and 5.12c show a 
significant increase in strength at e/D > 0.5. Columns with higher reinforcement ratios ( F
=6%) did not experience bar rupture, so they reached the maximum concrete strength. 
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Therefore, Figs. 5.12b and 5.12d show insignificant increases in strength at e/D>0.5. It is also 
worth mentioning that, at low levels of eccentricity (e/D<32.8%), increasing the mechanical 
properties of the GFRP bars resulted in insignificant strength increases (less than 10%).  
       
Figure 5.12– Impact of increasing the mechanical properties of GFRP bars 
5.5.5.2 Impact of increasing the longitudinal-reinforcement ratio ( F ) by more than 
1% 
Increasing the F increased the axial and flexural resistances of all columns up to 82% (at 
e/D=1.5). This increase was more pronounced for columns at high levels of eccentricity 
(e/D≥0.67). Figure 5.13 shows the relationship between the increase in the nominal axial 
resistance due to increasing the longitudinal-reinforcement ratio (% ∆Pn,rft) and e/D for 
columns with
cf =30 MPa and 60 MPa, and LB and HB, where , ,1%,
,1%
% n i nn rft
n
P P
P
P
  . Where 
Pn,i and Pn,1% are nominal axial forces in N calculated using reinforcement ratio higher than 1% 
and equal to 1%, respectively, at any level of eccentricity. This relationship could be divided 
into three stages. Columns with lower concrete strength (
cf =30 MPa) had relatively little 
strength increase (less than 20%) at low levels of eccentricity (e/D<25%), at which most of the 
section was under compressive stresses, as shown in Figs. 5.13a and 5.13b. After this level, the 
tensile stresses increased and ,n rf tP significantly increased (75% maximum increase) up to 
e/D=67.7%. ,n rf tP  then gradually increased at a small rate (82% maximum increase at 
e/D=1.50). Figures 5.13c and 5.13d show that increasing F  in columns with higher concrete 
strength (
cf =60 MPa) at low levels of eccentricity (e/D<32.8%) resulted in insignificant 
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strength increases (less than 10%). Lastly, the rate of increase was similar to columns with 
lower concrete strength ( cf  =30 MPa). Figure 5.13 could be a helpful guide in estimating 
whether increasing F  would be useful or not, based on the cf   (MPa) and MP used. 
        
(a) f 'c =30 MPa, 
     EFt =35 GPa, 
     fFt,u =483 MPa 
(b) f 'c =30 MPa, 
      EFt =51 GPa, 
     fFt,u =1600 MPa 
(c) f 'c =60 MPa, 
       EFt =35 GPa, 
       fFt,u =483 MPa 
(d) f 'c =60 MPa, 
       EFt =51 GPa, 
        fFt,u =1600 MPa 
 
Figure 5.13– Impact of increasing longitudinal reinforcement ratio more than 1% for 
scenario 1 
5.5.5.3 Impact of increasing the concrete strength ( cf  ) higher than 30 MPa 
Increasing cf   from 30 MPa up to 60 MPa increased the axial and flexural resistances of 
columns up to 100%. This increase was more pronounced for columns at low levels of 
eccentricity (e/D<0.5), at which point compressive stresses were generally dominant in their 
sections. Figures 5.14 and 5.15 show the relationship between the increase in the nominal axial 
resistance due to increasing the concrete strength higher than 30 MPa (% ∆Pn,conc) and e/D for 
columns with F = 0.5% and 6%; LB and HB; and scenarios 1 and 4, where 
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,
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% n Ci n Cn conc
n C
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  . Where Pn,Ci and Pn,C30 are nominal axial forces in N calculated using 
concrete strength higher than 30 MPa and equal to 30 MPa, respectively, at any level of 
eccentricity. In scenario 1, ,n co n cP  was much higher for the columns with lower F  (0.5%) 
at low levels of eccentricity (e/D<0.5), as shown in Figs. 5.14a and 5.14c. After this level, 
,n concP  was similar for all the columns. In scenario 4, all the columns experienced similar 
strength increases at low levels of eccentricity (e/D<0.5). After this level, columns with HB 
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and higher F  (6%) achieved higher strength increases because of the GFRP contribution in 
tension, as shown in Fig. 5.15d. Columns with lower F (0.5%) showed similar strength-
increase behavior in this scenario, as shown in Figs. 5.15a and 5.15c. Figure 5.15 could be a 
helpful guide in estimating whether increasing cf   would be useful or not, based on e/D, F , 
and mechanical properties of GFRP bars. 
    
Figure 5.14– Impact of concrete strength for scenario 1 
    
Figure 5.15– Impact of concrete strength for scenario 4 
5.5.5.4 Impact of ignoring bar contribution in compression (EFc/EFt) 
Ignoring the contribution of bars in compression could result in losing a significant amount of 
the axial and flexural resistances down to -38%. On the other hand, it raises the level of 
conservatism. The columns with lower cf   (30 MPa) and HB were influenced the most, 
especially those with heavy reinforcement ( F >4%), as shown in Fig. 5.16c. Unexpectedly, 
the columns with higher cf   (60 MPa) and LB were influenced the least, as shown in 
Fig. 5.16b. Generally, this parameter was more pronounced for columns at low levels of 
eccentricity (e/D<0.67), which were affected by compressive stresses. After this level, the rate 
of strength loss was constant in all the columns regardless of their properties. The columns 
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reinforced with F  between 2% and 3% experienced an average loss of 6% when the 
contribution of the GFRP bars in compression was ignored. Ignoring this parameter for 
columns with higher reinforcement ratios F ≥4%, however, resulted in a loss of strength 
between 10% and 38%, depending on F , mechanical properties, cf  , and e/D. In this regard, 
Fig. 5.16 could be a helpful guide in estimating the loss of the axial and flexural resistances if 
the compression contribution of the GFRP bars is ignored in the calculation. Figure 5.16 shows 
the relationship between the loss of the nominal axial resistance due to ignoring the 
compression contribution of GFRP bars (% ∆Pn,sc) and e/D for columns with F =0.5% and 6%; 
LB and HB; and cf  = 30 MPa and 60 MPa, where , 1 , 4,
, 4
% n sc n scn sc
n sc
P P
P
P
  . Pn,sc1 and Pn,sc4 
are nominal axial forces in N calculated using scenario 1 and scenario 4, respectively, at any 
level of eccentricity. 
    
   
Figure 5.16– Impact of ignoring GFRP bar contribution in compression 
5.6 Summary and Conclusions 
The experimental presented in the present study aimed at investigating the structural 
performance of GFRP-RC columns under different levels of eccentricity using full-scale 
circular concrete columns reinforced with GFRP discrete hoops and bars. The contribution and 
efficiency of the GFRP bars and hoops were evaluated. A detailed section analysis was 
introduced based on the data collected from the literature. Lastly, sets of P–M interaction 
diagrams and guide charts were generated based on an extensive parametric study considering 
the mechanical properties of the GFRP bars provided in ACI 440.1R (2015), concrete strength 
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of 30 MPa to 60 MPa, and other important parameters. Based on the test results and discussion 
presented herein, the following findings were drawn: 
1. GFRP discrete hoops were found to be as efficient in confining concrete columns under 
different levels of eccentricity. The confinement provided by the GFRP hoops 
prevented buckling of the GFRP bars and delayed crushing of the core concrete up to 
failure. The test results indicate that using an overlap length equal to 40 times the hoop 
diameter in eccentrically loaded columns, considering the CSA S806 (2012) splice 
length requirements in tension, was sufficient to avoid pullout or slippage failure. 
2. GFRP bars developed up to -0.004 (approximately -175 MPa) and 0.008 (439 MPa) 
compressive and tensile strains (stresses), at peak, respectively. The maximum strains 
recorded for these bars were -0.015 and 0.0135, respectively. No evidence of GFRP-
bar rupture or crushing was reported, at peak, for the eccentrically loaded columns. 
3. The failure of the concentrically loaded column was characterized as compression 
controlled due to brittle concrete crushing accompanied by GFRP-hoop rupture and 
crushing of the vertical GFRP bars in a sudden and explosive manner. 
4. The failure of the eccentrically loaded columns tested at low to moderate eccentricity 
(e/D =0.082 and 0.16) was compression controlled due to concrete crushing. The failure 
of specimens tested at high to very high eccentricity (e/D =0.33 and 0.66) was 
characterized as primary flexural–tension resulting from degradation of the concrete 
compressive block under constant axial loads and rupture of the GFRP bars on either 
side.  
5. The comparison of test results revealed that ignoring the contribution of the 
compression GFRP bars, according to the proposed section analysis, underestimated 
the nominal axial force and bending-moment capacity of the tested columns (27% on 
average). Integrating the contribution of the compression GFRP bars, however, 
returned a more reasonable estimation (17% on average). 
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6. Based on the test results and parametric investigation, the failure of GFRP-RC columns 
under eccentric loading is not triggered by bars rupturing on the tension side (tension-
controlled), provided that the minimum reinforcement ratio is not less than 1% for 
normal-strength concrete ( cf ≤ 60 MPa). Moreover, increasing the mechanical 
properties of the GFRP bars from LB to HB increased the axial and flexural resistances 
up to 26% (at e/D=1.5) for columns with ρF =0.5% and up to 18% for columns with ρF 
=6%. In addition, increasing ρF by more than 1% could increase the axial and flexural 
resistances of all columns up to 82% (at e/D=1.5). Moreover, increasing the concrete 
strength from 30 MPa to 60 MPa increased the axial and flexural resistances of columns 
by up to 100%. Lastly, ignoring the contribution of bars in compression could result in 
losing a significant amount of the axial and flexural resistances of down to -38%. 
 
 CHAPTER 6  
Experimental Study of Circular High-Strength 
Concrete Columns Reinforced with GFRP Bars 
and Spirals under Concentric and Eccentric 
Loading 
(Reference: Journal Composite for construction, ASCE, 21 (2), 2017) 
 
Abstract 
Integrating fiber-reinforced-polymer (FRP) reinforcement into high-strength concrete (HSC) 
would effectively contribute to enhancing the stiffness of cracked concrete sections when the 
FRP bars are undergoing high strain and stress levels. Nonetheless, neither the concentric nor 
the eccentric behavior of HSC columns reinforced with FRP reinforcement has yet been 
investigated. This paper presents the results of an experimental investigation on the concentric 
and eccentric behavior of full-scale circular HSC columns reinforced with glass-FRP (GFRP) 
bars and spirals. A total of 10 columns were tested under monotonic loading with different 
eccentricities. The test variables were the eccentricity-to-diameter ratio and the longitudinal-
reinforcement ratio. Compression failure in the concrete controlled the ultimate capacity of 
specimens tested under small eccentric loading. A flexural–tension failure initiated in 
specimens tested under high eccentric loading, however, resulted from excessive axial and 
lateral deformations and cracks on the tension side until a secondary compression and stability 
failure occurred due to the strain limitations in the concrete. The axial force–moment 
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interaction diagrams were predicted based on the principles of strain compatibility and internal 
force equilibrium in accordance with the recommendations in the available design standards.  
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6.1 Introduction 
The past few decades have yielded great innovations in materials technology from which high-
strength concrete (HSC) has emerged as a promising product. HSC has been defined in a variety 
of ways over many years, starting from the 1950s when 34 MPa concrete was considered HSC. 
In 2001, American Concrete Institute (ACI) Committee 363 defined HSC as a concrete with a 
specified compressive strength of 55 MPa or higher. HSC use is highly recommended in 
structures subject to harsh environments due to its superior durability and long service life. 
HSC has been used in the construction of heavily loaded reinforced concrete columns, medium- 
and long-span bridges, and offshore structures. For instance, Petronas Towers 1 and 2—
completed in 1998 in Kuala Lumpur, Malaysia—were built with concrete with specified cube 
strengths of up to 70 MPa in columns and shear walls.  
Steel reinforcement has a limited service life and entails high maintenance costs due to 
corrosion when used in aggressive and/or harsh marine environments (typical in most regions 
in North America). This cost has spurred interest in alternative noncorrosive reinforcing 
materials such as fiber-reinforced-polymer (FRP) bars. FRP bars offer many advantages over 
conventional steel bars: a density of one-quarter to one-fifth that of steel; greater tensile 
strength than steel; and no corrosion, even in harsh chemical environments (Mohamed and 
Benmokrane 2014). 
Many researchers (Cusson and Paultre 1994; Foster et al. 1998; Bayrak 1999) have reported 
premature spalling of concrete cover in tests involving HSC columns reinforced with steel. In 
addition, Saatcioglu and Razvi (1998) showed that the behavior of columns with constant 
volumetric ratios of transverse reinforcement improved as the yield strength of the ties 
increased. Using highly deformable FRP reinforcement would overcome the corrosion problem 
of circular HSC bridge pier and pile foundations in aggressive environments. 
Recent years have seen valuable research work on and widespread applications of FRP bars as 
flexural and shear reinforcement for concrete structures (ACI 440.1R-15). To the authors’ 
knowledge, the use of FRP bars as the main reinforcement in HSC columns has not yet been 
investigated. Due to this lack of experimental data, FRP bars have not been recommended as 
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longitudinal reinforcement in columns or compression reinforcement in flexural elements to 
resist compression stresses (ACI 440.1R-15). Moreover, Canadian codes (CSA S6-14 and 
CSA S806-12) neglect the contribution of the compressive resistance of FRP longitudinal 
reinforcement in the compression zone in flexural and compressive concrete members. 
Recent research has proven the applicability of reinforcing columns subjected to concentric 
loading exclusively with FRP bars (Tobbi et al. 2012; Afifi et al. 2013a; Zadeh and Nanni 
2013; Mohamed et al. 2014a). Zadeh and Nanni (2013) developed a methodology to design 
concrete columns reinforced with GFRP bars and ties using GFRP bars in tension only with a 
maximum strain limit of 1%, whereas the bars in compression could be replaced with an 
equivalent area of concrete. Xue et al. (2014) reported on the failure of seven normal-strength-
concrete (NSC) columns reinforced with GFRP tested under eccentric loading to initiate 
concrete crushing followed by buckling of the longitudinal GFRP bars in compression. The 
results obtained for full-scale NSC columns reinforced with GFRP bars, tested under concentric 
loading, revealed that the average load carried by the longitudinal GFRP bars ranged between 
5% and 10% of the maximum load (Tobbi et al. 2012; Afifi et al. 2013a). The same work also 
proposed using a reduction factor of 0.35 to account for the reduction in the compressive 
strength of the GFRP bars as a function of their tensile strength. It has been demonstrated that 
further research is necessary to investigate the behavior of FRP-RC columns subjected to 
combined flexural and axial loading (Du Luca et al. 2010; Tobbi et al. 2012; Afifi et al. 2013a, 
2014, and 2015). The test results reported on herein relate to 10 full-scale circular HSC columns 
reinforced with GFRP bars and spirals and subjected to eccentric loading. This study is 
concerned with circular HSC columns totally reinforced with GFRP reinforcement. The test 
parameters included longitudinal-reinforcement ratio and eccentricity-to-diameter ratio. 
6.2 Objectives 
This study aimed at investigating the behavior of circular HSC columns taking advantage of 
the mechanical properties of FRP bars as main and transverse reinforcement. The following 
points summarize the research objectives: 
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 To experimentally investigate the performance and understand the behavior of HSC 
columns reinforced with GFRP bars and spirals under concentric and eccentric loading. 
 To investigate the effect of the GFRP longitudinal-reinforcement ratio and eccentricity-
to-diameter ratio on the ultimate axial–flexural capacity (P-M interaction diagram), 
post-peak behavior, and failure mechanisms of such columns. 
 To develop experimental and theoretical P-M interaction diagrams for such columns. 
6.3 Experimental Investigation 
In this study, 10 full-scale circular HSC columns were prepared and tested under monotonically 
increasing concentric and eccentric loading. Eight specimens were tested under eccentric 
loading; two were tested under concentric loading. All specimens measured 305 mm in 
diameter and 1500 mm in height, and were totally reinforced with GFRP bars and spirals.  
6.3.1 Materials 
Sand-coated GFRP bars and newly developed GFRP spirals were used to reinforce the column 
specimens in the longitudinal and transverse directions, respectively, as shown in Fig. 6.1. The 
GFRP longitudinal bars and spirals were made of continuous E-glass fibers impregnated in a 
thermosetting vinyl-ester resin, additives, and fillers (Pultrall, 2014). The GFRP reinforcement 
had a sand-coated surface to enhance bond performance between the bars and the surrounding 
concrete. No. 5 GFRP bars were used as longitudinal reinforcement for all the GFRP-RC 
columns; No. 3 GFRP spirals were used as transverse reinforcement.  
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Figure 6.1– Samples of the GFRP bars and spirals used in this study 
The tensile properties of the longitudinal GFRP bars were determined according to ASTM 
D7205 (ASTM 2011), as reported in Table 6.1. All the column specimens were cast on the 
same day with normal-weight, ready-mixed concrete (maximum aggregate size 14 mm) with 
an average compressive strength of 70.2 MPa. The actual compressive strength was determined 
based on the average test results of 10 concrete cylinders (150 x 300 mm) tested on the same 
day as the start of testing of the column specimens (after almost six months). 
Table 6.1 – Mechanical properties of the GFRP reinforcement 
Bar  
Size 
Diameter 
(mm) 
Immersion 
Area 
(mm2) 
Nominal 
Area† 
(mm2) 
Elastic 
Tensile  
Modulus
(GPa) 
Tensile  
Strength 
(MPa) 
Tensile 
Strain 
(%) 
# 3 9.5 81.5 71 52.5±2.5 fFu = 1328 2.30 
# 5 15.9 221.9 199 54.9±2.5 fFu = 1289 2.40 
† The strength and modulus were calculated based on this area 
 
No. 5 GFRP No. 3 GFRP spirals 
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6.3.2 Specimen Design and Fabrication  
The test matrix was designed to investigate the eccentric behavior of GFRP-reinforced HSC 
columns. In this study, all the specimens were reinforced longitudinally with No. 5 GFRP bars 
and transversely with No. 3 GFRP spirals. Table 6.2 provides the test matrix and reinforcement 
details of the column specimens. The specimens were divided into two series. Series A 
consisted of five specimens (HC-A-0, HC-A-25, HC-A-50, HC-A-100, and HC-A-200) 
longitudinally reinforced with 8 No. 5 GFRP bars. Series B consisted of five specimens (HC-
B-0, HC-B-25, HC-B-50, HC-B-100, and HC-B-200) longitudinally reinforced with 12 No. 5 
GFRP bars. Specimens HC-A-0 and HC-B-0 were tested under pure axial loading, while the 
other specimens were tested under increasing monotonic eccentric loading. Four eccentricity-
to-diameter ratios were estimated and applied (8.2%, 16.4%, 32.8%, and 65.6%) to develop the 
P-M interaction diagrams experimentally. The specimen design and analysis were carried out 
according to the recommendations of CSA S806 (2012) clause 8.4.3.13, for the longitudinal 
bar size (minimum 15 mm), longitudinal reinforcement ratio (minimum 0.1%), and spiral size 
((minimum 6 mm) and pitch (clear spacing 75 mm). 
Table 6.2 – Test matrix, specimen details, and test results 
 
Series 
No. 
 
Column 
code 
Longitudinal 
Reinforcement
( f %) 
e/D,
% 
Pmax, 
kN 
e, 
mm
x, 
mm 
Mn1, 
kN.m 
Mn2, 
kN.m 
Mn, 
kN.m
A 
HC-A-0 
 
8 No. 5 
(2.18) 
0 4709 0 N.A. 0 0 N.A.
HC-A-25 8.2 3309 25 3.4 83 11 94 
HC-A-50 16.4 2380 50 4.8 119 11 130 
HC-A-100 32.8 1112 100 8.7 111 10 121 
HC-A-200 65.6 497 200 13.8 99 7 106 
B 
HC-B-0 
12 No. 5 
(3.27) 
0 4716 0 N.A. 0 0 N.A.
HC-B-25 8.2 3380 25 3.7 84 13 97 
HC-B-50 16.4 2339 50 4.8 117 11 128 
HC-B-100 32.8 1135 100 7.9 113 9 122 
HC-B-200 65.6 513 200 11.4 103 5 108 
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The GFRP cages were assembled for two column configurations (Series A and Series B). Each 
coil of the GFRP spiral reinforcement consisted of one complete helical spiral without any 
lapped splices. The GFRP spiral was stretched along the column height with a constant pitch 
(80 mm). At both ends of the columns (250 mm in length), the spiral pitch was reduced to 
50 mm to avoid premature failure. The concrete cover was kept constant at 25 mm from the 
face of the spirals. The circular columns were prepared for vertical casting in very stiff 
Sonotubes. Wooden formwork was used to hold the Sonotubes plumb. Then, the GFRP cages 
were inserted into the Sonotubes. All of the columns were cast vertically to simulate typical 
construction practices for columns and piles. The concrete was provided by a local ready-mix 
concrete company. Figure 6.2 illustrates the process for fabricating the column specimens 
before and after casting and also shows the columns’ cross sections. 
6.3.3 Instrumentation 
The specimens were instrumented by attaching electric strain gauges to measure strains in the 
longitudinal bars, spirals, and concrete surfaces. Moreover, linear potentiometers (LPOTs) 
were mounted to measure the axial and lateral displacements. Before casting, strain gauges 
were fixed on the outermost longitudinal bars and the spirals on both the tension and 
compression sides. At least 24 hours before testing began, concrete gauges were attached to 
the compression side. All gauges were located at column mid-height in the positions where the 
maximum strains were expected. Before testing began, LPOTs were mounted vertically at the 
head ram to measure axial displacement, while others were laterally mounted on the tension 
and compression sides to measure lateral displacement at the mid-height and quarter-height 
levels. 
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Figure 6.2– Fabrication and preparation of columns specimens: (a) overview of reinforcement detail 
for Series A; (b) overview of reinforcement detail for Series B; (c) columns after mold removal 
  
 (a)  (b)
 (c) 
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6.3.4 Testing Procedures 
Before the testing process began, the top and bottom surfaces were leveled to ensure uniform 
load distribution. The columns were placed on predesigned steel leveling plates to adjust 
leveling, and then a thin grout layer was cast on that end. The next day, the columns were 
flipped to level the other end. This study used two setup types: concentrically loaded (CL) and 
eccentrically loaded (EL). The CL setup consisted of two bolted steel collars (4.0 mm thick 
and 60.0 mm high) attached to the column ends to prevent premature failure at these locations. 
Flat-edge loading was applied in this case. The EL consisted of two predesigned rigid steel end 
caps (250 mm height) tubular in shape. Each end cap was bolted to a 40-mm diameter roller 
bearing. The end cap consisted of two units: the first was a 25-mm flat plate welded to a 15 mm 
semicircular plate; the other unit was a 15 mm semicircular plate coincident with and clamped 
to the first unit with 3 M15 (15 mm diameter) bolts on each side. The EL setup was fabricated 
from high-strength steel. The whole assembly was stiffened and welded with 25 mm outward-
radiating stiffeners. The eccentricity was adjusted for each specimen by changing the position 
of the roller bearing. So, the loading was applied through the knife edge, represented by the 
roller bearing at the column edges. Figure 6.3 provides the details of the EL test setup. The 
specimens were tested using a 6,000 kN capacity Forney machine located at in the Construction 
Facilities Laboratory of Department of Civil Engineering at the University of Sherbrooke. They 
were placed vertically to be coincident with the machine’s center of loading. The Forney 
machine, strain gauges, and LPOTs were connected by channels to the data-acquisition system.  
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 Figure 6.3– Instrumentation and test setup for eccentrically loaded column specimens 
6.4 Observed Behavior and Test Results  
6.4.1 Strength and Failure Modes  
The failure mechanisms of the test specimens were significantly affected by the level of the 
applied eccentricity. The failure mode of the concentric columns (HC-A-0 and HC-B-0; zero 
eccentricity) was comparatively brittle, more sudden and explosive than that of the eccentric 
columns. During testing, limited vertical cracks started to appear at approximately 95% of the 
columns’ peak loads. Prior to that, the concrete cover was visually free of cracks. The vertical 
cracks gradually increased and widened as the column load increased up to the peak point. The 
maximum peak loads recorded for HC-A-0 and HC-B-0 were 4,709 and 4,716 kN, respectively. 
Although these columns were checked for concentric loading, crack formation was not uniform 
on all sides. Therefore, the initial cover spalling often occurred on one side, resulting in a small 
eccentricity of load. The cracks soon propagated to the other sides. After that, the columns lost 
10% to 20% of their maximum capacities due to the sudden spalling of the concrete cover. At 
this point, the confining restraint provided by the spiral was rapidly activated to sustain the 
load, while the concrete core reached its maximum stress. As a result, the columns exhibited a 
sudden, explosive fracture of the GFRP spirals; buckling of the longitudinal GFRP bars, as 
Bar gauge 
Spiral gauge 
Bar gauge 
Spiral gauge RC column 
Lower end cap collar 
Upper end cap collar 
Lateral 
LPOT
Head ram 
Base ram 
X-sec. 
(Series A)
X-sec. 
(Series B)
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shown in Fig. 6.4; and, finally, crushing of the concrete core. Figure 6.4 shows an overview of 
the concentric columns after failure. 
  
Figure 6.4– Failure mode of the concentrically loaded columns: (a and d) elevations; (b and 
c) close views 
According to the test results and observations, the applied loading eccentricity was 
characterized by four different levels: low, moderate, high, and extreme for eccentricity-to-
diameter ratios of 8.2%, 16.4%, 32.8%, and 65.6%, respectively. Due to the high ultimate 
tensile strain of the GFRP bars (εFu =2.40%), the primary or secondary failure mode was always 
governed by or dependent on the concrete’s strain limitation.  
Generally, column strength constantly increased from the origin to a point at which 
microcracks initiated. While the microcracks were propagating inside the concrete core, the 
strength gradually increased at a lower rate. Then, flexural–compression cracks initiated at 
approximately 95% of the peak load on the compression side at column mid-height. On the 
tension side, the flexural–tension cracks initiated at different load levels (according to the level 
Bar buckling
HC-A-0 HC-B-0
 (a) 
 (b)
 (d) 
Bar buckling
Spiral rupture
Spiral rupture 
 (c)
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of the eccentricity-to-diameter ratio), which helped reduce the rate of the strength gain. When 
the peak load had been reached, the existing cracks along with the bar deformation contributed 
to splitting the concrete cover, causing cover spalling. After the peak load, strength decay 
occurred, followed by a softening plateau or hardening response. 
Under low eccentric loading (HC-A-25 and HC-B-25), column strength constantly increased 
until the initiation of microcracks at load levels of 60% and 65%, respectively. Then, flexural–
compression cracks initiated at approximately 95% of the peak load on the compression side 
at the column mid-height (as the above-mentioned). At peak, the compressive stresses were 
dominant in the concrete section where the neutral-axis-to-depth ratio (c/d) was greater than 
unity. Once the peak load had been reached, cover spalling occurred in a part of the 
compressive concrete core. Flexural–tension cracks were then observed as the load decreased, 
rapidly propagating along column height and spreading to mid-column. Also, HC-A-25 and 
HC-B-25 underwent strength decays of 41% and 33%, respectively. While the strength was 
decaying, the confining restraint provided by the spiral was rapidly activated to sustain the 
load. Meanwhile, the compression bars were under an enlarging transverse loading due to the 
lateral pressure caused by the dilation. As a result, the columns sequentially exhibited a sudden, 
explosive fracture of the GFRP spirals; buckling of the longitudinal GFRP bars; and, finally, 
crushing of the concrete core. The concrete crushing in these columns was noticeably less 
brittle than their counterparts tested under concentric loading. Due to this level of eccentricity, 
column specimens HC-A-25 and HC-B-25 experienced a strength reduction of approximately 
30% in comparison to the concentric column specimens (HC-A-0 and HC-B-0). This reduction 
was estimated by dividing the peak load of the eccentric column to that of concentric column 
and subtracted from the unity [% reduction = 1- (Pe=25 mm /Pconcentric)]. 
Under moderate eccentric loading (HC-A-50 and HC-B-50), column strength constantly 
increased until the initiation of microcracks at load levels of 42% and 46%, respectively. On 
the tension side, flexural–tension cracks initiated at load levels of 62% and 66%, respectively. 
At peak, most of the section was under compressive stresses where the c/d was equal to 0.85. 
The cover spalling for these specimens was limited compared to the low eccentricity 
specimens. After peak, the concrete core started degrading in a softening response until the test 
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halted. HC-A-50 and HC-B-50 underwent strength decays of 34% and 26%, respectively. Due 
to this level of eccentricity, column specimens HC-A-50 and HC-B-50 experienced a strength 
reduction of approximately 50% [% reduction = 1- (Pe=50 mm /Pconcentric)] in comparison to the 
concentric column specimens (HC-A-0 and HC-B-0).  
Under high eccentric loading (HC-A-100 and HC-B-100), flexural–tension cracks in the 
columns initiated early on and propagated along column height at load levels of 9% and 14%, 
respectively. The strength gradually increased until the initiation of microcracks at load levels 
of 45%. At peak, approximately half of the section was under tensile stresses where the c/d 
was, on average, equal to 0.52. The cover spalling for these specimens was quite limited and 
occurred in a slow and soft manner compared to above-described specimens. After peak, the 
concrete core started degrading at a constant axial load and lateral deformations increased until 
the test halted. HC-A-100 and HC-B-100 experienced small strength decays of 22% and 11%, 
respectively. Normally, the loading would have continued until the GFRP bars ruptured 
catastrophically, but, for safety reasons, loading was stopped before that point. Due to this level 
of eccentricity, column specimens HC-A-100 and HC-B-100 exhibited a strength reduction of 
approximately 75% [% reduction = 1- (Pe=100 mm /Pconcentric)] in comparison to the concentric 
column specimens (HC-A-0 and HC-B-0).  
Under extreme eccentric loading (columns HC-A-200 and HC-B-200), the flexural–tension 
cracks in the columns initiated very early and spread extensively along column height and to 
mid-column at load levels of 16%. The strength gradually increased until the initiation of 
microcracks at load levels of 35%. At peak, approximately two-thirds of the section was under 
tensile stresses where the c/d was equal to 0.35. The cover spalling for these specimens was 
much more limited and occurred in a much slower and softer manner than all of the specimens 
described above. After peak, the concrete core started degrading under small constant axial 
load and lateral deformations increased until the test halted. HC-A-200 and HC-B-200 
experienced slight strength decays of approximately 3%. Generally, loading continued until the 
columns could not withstand the applied axial force or until they reached the maximum 
displacement capacity of the testing machine. For these specimens, the loading would have 
continued until the GFRP bars ruptured catastrophically, but, for safety reasons, loading was 
stopped before that point. Due to this level of eccentricity, column specimens HC-A-200 and 
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HC-B-200 exhibited a strength reduction of approximately 90% [% reduction = 1- (Pe=200 mm 
/Pconcentric)] compared to the concentric column specimens (HC-A-0 and HC-B-0). Figure 6.5 
shows overviews of the compression and tension sides for the tested eccentric columns: group 
(A) and group (B). 
In summary, when the neutral axis migrated into the cross section, the failure mode was 
modified as the state of stress changed from pure compression to combined compression and 
flexure, and the flexural stresses became predominant. The failure mechanism of the columns 
tested under concentric and low eccentric loading was characterized by compression failure 
initiated by cover spalling, followed by buckling of the compression bars; rupture of the spirals; 
and consequently, concrete crushing. The failure mechanism of the columns tested under 
moderate eccentric loading was characterized by compression failure initiated by cover 
spalling, followed by gradual concrete degradation of the compressive concrete block. As the 
concrete gradually degraded in these columns (HC-A-50 and HC-B-50), loading was adjusted 
to stop when the specimens lost 30% of their peak. On the other hand, the failure of the columns 
tested under high and extreme eccentric loading was dependent on the properties of the GFRP 
bars, considering the concrete strain limitation and degradation of the compressive concrete 
block at higher strain levels. When the concrete strain on the compression side reached to a 
level close to that provided by ACI 440.1R-15 or CSA S806-12, the strains in the longitudinal 
GFRP bars were still increasing considerably. In other words, after the cover spalled slightly, 
the bars on the compression and tension sides could develop high compressive and tensile 
strains, respectively, required to maintain section equilibrium under constant axial force and 
increased secondary bending moment (resulting from an increase in lateral deformations) as 
the concrete compressive block gradually degraded. The test results indicate that the estimated 
curvature (ψexp) for these specimens at peak load ranged from 0.007/d to 0.011/d.  
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Figure 6.5– Failure modes of the eccentrically loaded columns (series A) 
 
 HC-A-25  HC-A-50  HC-A-100  HC-A-200 
 HC-A-25  HC-A-50  HC-A-100  HC-A-200 
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Figure 6.5 (cont.)– Failure modes of the eccentrically loaded columns (series B) 
 HC-B-25  HC-B-50  HC-B-100  HC-B-200 
 HC-B-25  HC-B-50  HC-B-100  HC-B-200 
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The curvature was calculated as the inverse of the radius of curvature. In the light of these 
results, ACI 318-14 considers a failure tension-controlled whenever the curvature is greater 
than 0.008/d (corresponding to a strain in the steel of 0.005). In essence, the failure of these 
specimens tested under high and extreme eccentric loading could be described as a primary 
flexural–tension failure resulting from the excessive axial and lateral deformations, and the 
visible wide cracks on the tension side until a secondary compression and stability failure 
occurred due to strain limitations in the concrete and degradation of the concrete compressive 
block. 
6.4.2 Axial- and Lateral-Displacement Behavior 
Figure 6.6 provides the load versus axial-displacement response for all the columns. The axial 
displacement was measured with two linear potentiometers (LPOTs) mounted on the ram head. 
A significant decrease in the initial axial stiffness was observed with each increase in eccentric 
loading. Generally, an initial linear branch was observed in the columns up to a load level of 
approximately 75% for HC-A-0, HC-B-0, HC-A-25, and HC-B-25; 63% for HC-A-50 and HC-
B-50; 57% for HC-A-100 and HC-B-100; and 33% for HC-A-200 and HC-B-200. After this 
stage, a semilinear ascending branch developed to the peak load. This branch was characterized 
by a gradual loss of initial stiffness, mainly due to microcrack propagation on the compression 
side and flexural–tension cracks (for columns tested under high and extreme eccentric loading). 
In comparison to HC-A-0 and HC-B-0, the average initial axial stiffness in these columns 
decreased to 65%, 50%, 25%, and 5% due to low, moderate, high, and extreme eccentric 
loading, respectively. At the peak, the axial displacements for the columns in the first series 
were 4.25, 5.2, 4.5, 4.7, and 11 mm for HC-A-0, HC-A-25, HC-A-50, HC-A-100, and HC-A-
200, respectively. The axial displacements for their counterparts in the second series were 4.25, 
5.1, 4.3, 4.4, 9.3 mm for HC-B-0, HC-B-25, HC-B-50, HC-B-100, and HC-B-200, respectively.  
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Figure 6.6– Load versus axial displacement at specimen centerline 
After the peak, variable strength decay developed according to the level of eccentricity. As the 
load decreased, the concentric and the low eccentrically loaded columns exhibited brittle failure 
with an explosive sound. For the other eccentrically loaded columns, the axial displacement 
increased linearly, while the load was almost constant.  
Figure 6.7 presents the load versus mid-height lateral-displacement response for the 
eccentrically loaded columns. Mid-height displacement was measured by an LPOT mounted 
at column mid-height. A noticeable decrease in the initial lateral stiffness was observed with 
each increase in eccentric loading. The displacement initially increased at a very slow rate, then 
an initial linear branch developed up to a load level of approximately 70 % for HC-A-25, HC-
B-25, HC-A-50 and HC-B-50; 62 % for HC-A-100 and HC-B-100; and 40 % for HC-A-200 
and HC-B-200. After this stage, a semilinear ascending branch developed to peak load. Once 
the peak load had been reached, the displacements increased progressively. At the peak load, 
the mid-height displacements for the columns in the first series were 3.4, 4.8, 8.7, and 13.8 mm 
for HC-A-25, HC-A-50, HC-A-100, and HC-A-200, respectively. The displacements for their 
counterparts in the second series were 3.7, 4.8, 7.9, 11.4 mm for HC-B-25, HC-B-50, HC-B-
100, and HC-B-200, respectively, as reported in Table 6.2. It is worth mentioning that, 
increasing the lateral displacement resulted in an increase in the secondary moments due to the 
increased displacements, knowing as (P-δ) effect.  
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Figure 6.7– Load versus lateral midheight displacement 
The response after the peak for the eccentrically loaded columns ̶ e/D=16.4%; e/D=32.8%; 
e/D=65.6% ̶ was highly deformable, showing highly increasing axial and lateral deformations 
with visible cracks on the tension side at low constant load, which could be observed as a 
warning of impending bar crushing and/or rupture. 
6.4.3 Longitudinal GFRP-Bar Strain Profiles  
The axial strains were recorded for the outermost bars, where the maximum compression and 
tension stresses were expected. Figure 6.8 shows the bar-strain behavior at mid-height for all 
columns. The measured strains on the compression side exhibited a linear response in the initial 
stage until the propagation of microcracks, followed by a gradual semilinear response 
increasing to the peak load. The measured strains on the tension side exhibited a linear response 
up to the initiation of the flexural–tension cracks, followed by a gradual semilinear response 
increasing up to the peak load. 
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Figure 6.8– Load versus longitudinal-bar strain 
Under pure axial loading, the column section was under uniform compressive stresses. When 
the peak load was reached, the maximum strain was -2,470 and -2250 microstrains for HC-A-
0 and HC-B-0, respectively. After the peak, the cover spalling rapidly increased, causing a 
significant augmentation of the confining pressure on the concrete core leading to buckling of 
the longitudinal bars. 
Under low eccentric loading, the column section was under full compressive stresses (c/d >1) 
until the peak load was reached. At that point, the strain in the outermost bars on the 
compression side was -3,100 and -2,950 microstrains for HC-A-25 and HC-B-25, respectively. 
The average strains in the outermost bars on the tension side, however, were minimal. When 
the peak load was reached, the cover spalled, causing a loss in the section properties and a shift 
in the sectional centroid. Consequently, the bending stresses increased on both sides. Thus, the 
strains in the outermost bars on the tension side changed from compression to tension, and they 
progressively increased until the test halted. In addition, the strains in the outermost bars on 
the compression side continuously increased. After the peak, the cover spalling progressively 
increased causing a significant augmentation of the confining pressure on the concrete core, 
leading to concrete crushing accompanied by rupture of spirals and buckling of the longitudinal 
bars on the compression side. The maximum strain for the bars on the compression side was -
4,670 and -4,080 microstrains (where the gauges were damaged due to the cover spalling) for 
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HC-A-25 and HC-B-25, respectively. The corresponding values on the tension side were 7,610 
and 4,830 microstrains, respectively. 
Under moderate eccentric loading, most of the section experienced compressive stresses (c/d 
=0.85) and a small part of tensile stresses. At the peak load, the average strain in the outermost 
bars on the compression side was -2,610 and -2,650 microstrains, and the corresponding values 
on the tension side were 500 and 470 microstrains for HC-A-50 and HC-B-50, respectively. 
When the peak load was reached and the centroid shifted, the strains in the outermost bars 
continuously increased. The maximum measured strains on the compression side were -13,950 
and -11,150 microstrains, and the corresponding values on the tension side were 9,570 and 
7,890 microstrains for HC-A-50 and HC-B-50, respectively. 
Under high eccentric loading, approximately half of the section was under compressive stresses 
(c/d = 0.52) and the rest under tensile stresses. At the peak load, the average strain in the 
outermost bar on the compression side was -2,790 and -2,670 microstrains, and the 
corresponding values on the tension side were 3,570 and 2,990 microstrains for HC-A-100 and 
HC-B-100, respectively. When the peak load had been reached, the cover spalled, and a part 
of the section on the tension side cracked. Thus, the sectional centroid moved. The strains in 
the outermost bars continuously increased. The maximum measured strains on the compression 
side were -9,600 and -10,090 microstrains, and the corresponding values on the tension side 
were 11,230 and 10,020 microstrains for HC-A-100 and HC-B-100, respectively. 
Under extreme eccentric loading, approximately one-third of the section was under 
compressive stresses (c/d =0.35), and the rest was under tensile stresses. At the peak load, the 
average strain in the outermost bars on the compression side was -2,430 and -2,360 
microstrains, and the corresponding values on the tension side were 6,830 and 6,160 
microstrains for HC-A-200 and HC-B-200, respectively. As with the case of high eccentric 
loading, the maximum measured strains on the compression side were -4,650 and -7,060 
microstrains, and the correspondence values on the tension side were 9,880 and 11,200 
microstrains for HC-A-200 and HC-B-200, respectively. 
In summary, excluding HC-A-25 and HC-B-25, the response after the peak for the eccentrically 
loaded columns revealed that the GFRP bars, could sustain the load after peak for some time 
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up to bar rupture (when the ultimate strain was reached). Under low eccentric loading (HC-A-
25 and HC-B-25), as previously described, the confining pressure on the concrete core was 
very high, leading to concrete crushing accompanied by a rupture of spirals and bars on the 
compression side. Thus, the GFRP bars couldn’t sustain the load for long, and the failure was 
brittle and catastrophic.  
6.4.4 Strain Behavior of the GFRP Spirals 
Local strains were recorded for two opposite branches in the spirals, located where the 
maximum compression and tension stresses were expected. The response of the spiral on the 
compression side was affected by the eccentric loading applied. The initial slope for all the 
columns was similar; the measured strains also were minimal at the beginning. Spiral activation 
depended primarily on the volume and dilation of the compressive concrete block.  
Under low eccentric loading, the column section was almost under full compressive stresses. 
Thus, at the peak load, the measured spiral strains were 2,130 and 1,650 microstrains for HC-
A-25 and HC-B-25, respectively. After the cover had spalled, the normal stress in the core on 
the compression side reached the critical stress level, leading to significant lateral deformation 
and confining pressure. Consequently, the strain gauges recorded a progressive increase in the 
spirals before they experienced damage. A short time later, the columns exhibited sudden brittle 
failure. The results of these columns revealed that the confining provided by the No. 3 spirals 
at a spacing of 80 mm could prevent the buckling of longitudinal reinforcement up to the peak 
load. It was not, however, sufficient to confine the concrete core at the post-peak stages and to 
prevent bar deformation on the compression side. 
Different behavior was observed for the columns tested under moderate eccentric loading, in 
which the compressive concrete block was less than in the previous case. The spirals could 
adequately confine the columns until the test was halted. The measured spiral strains at the 
peak load, as expected, were less than the strains in HC-A-25 and HC-B-25. They reached 
1,010 and 1,490 microstrains for HC-A-50 and HC-B-50, respectively. The maximum 
measured spiral strains were 6,310 and 8,040 microstrains for these specimens, respectively. 
Similar behavior was observed for the columns tested under high and extreme eccentric 
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loading, although approximately less than half of the section was under tensile stresses. When 
the peak was reached, the measured spiral strains were 990; 1,120; 690; and 380 microstrains 
for HC-A-100; HC-B-100; HC-A-200; and HC-B-200, respectively.  
The response of the spiral on the tension side was also affected by the eccentric loading applied. 
Spiral activation depended primarily on the propagation of the flexural–tensile cracks. Under 
low and moderate eccentric loading, spiral strains at the peak load were minimal, and the spirals 
were not yet activated. After the peak load, the flexural–tensile cracks initiated and propagated 
on the tension side. Thus, the strains in the outermost longitudinal bars increased, and the spiral 
strains increased to provide lateral support. The maximum measured strains were 3,470; 2,400; 
3,270; and 2,720 microstrains for HC-A-25; HC-B-25; HC-A-50; and HC-B-50, respectively. 
This response was different than the response of columns tested under high and extreme 
eccentric loading. The flexural–tensile cracks initiated very early, causing severe cracking in 
the concrete on the tension side. The outermost bars were then activated and their strains 
progressively increased. The spirals reacted to provide lateral supports for the GFRP bars, and 
the spiral strains increased as well. The measured strains at the peak load were 230; 230; 780; 
and 490 microstrains for HC-A-100; HC-B-100; HC-A-200; and HC-B-200, respectively. 
After the peak, the spiral strains continuously increased, reaching 870; 1,090; 920; and 1,160 
microstrains for the aforementioned specimens, respectively. 
In summary, excluding the low eccentric loading (under which the spirals ruptured), the GFRP 
spirals could fulfill their function as transverse reinforcement by providing lateral support to 
the compression and tension bars and by confining the compressive concrete core. So, it is 
worth noting that using No. 3 spirals at a spacing of 80 mm in the specimens tested under low 
eccentric loading (HC-A-25 and HC-B-25) was not sufficient after peak to provide enough 
warning before total damage. According to this study, a volumetric ratio of 0.95% for 
transverse reinforcement in the form of No. 3 GFRP spirals spaced at 80 mm was deemed 
suitable on the tension side, but was not sufficient and need to be increased on the compression 
side. 
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6.4.5 Concrete-Strain Behavior 
Figure 6.9 shows the strain response at mid-height for the eccentrically loaded columns. The 
initial slope for each was different and was affected by the eccentric loading applied. 
Nevertheless, the concrete response was essentially elastic until initiation of microcracks or 
flexure–tension cracks. The figure indicates that the assumption that linear strain distribution 
in compression zones is true even close to failure. The response was then followed by a gradual 
nonlinear line increasing up to the peak load. The maximum recorded concrete strains for these 
specimens varied from -2,900 to -3,800 microstrains. The columns tested under low and 
moderate eccentric loading exhibited concrete strains close to the specified limit for design by 
ACI 440.1R-15 (-3,000 microstrains). The columns tested under high and extreme eccentric 
loading exhibited concrete strains close to the specified limit for design by CSA S806-12 (-
3,500 microstrains).  
6.4.6 Effect of Test Parameters on Axial and Flexural Strength 
The impact of the test parameters was investigated by comparing the test results conducted 
under different levels of eccentric loading. In this study, the eccentric behavior was investigated 
using four eccentricity-to-diameter ratios (e/D = 8.2%, 16.4%, 32.8%, and 65.6%) and two 
longitudinal reinforcement ratios (ρf = 2.2% and 3.3%). It was clearly observed from these 
results that the load-eccentricity significantly affected the axial and flexural behavior of all the 
specimens. The longitudinal-reinforcement ratio had a slight impact on the pre-peak behavior, 
but a noticeable impact on the post-peak behavior.  
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Figure 6.9– Load versus concrete strain on the compression side 
6.4.6.1 Eccentricity-to-Diameter Ratio 
The effect of the eccentricity-to-diameter ratio was obvious in all the relationships. A 
noticeable change in the failure mechanism was reported each time the eccentricity increased. 
At zero eccentricity (concentric loading), the failure was brittle and catastrophic, and a massive 
volume of concrete cover spalled. As the eccentricity increased, the cover spalling occurred in 
slow and soft manner. Also, the neutral axis migrated into the cross section, consequently, 
reducing the section properties and the stress distribution along the circular section. Therefore, 
the failure mode was modified as the state of stress changed. The results revealed that the 
eccentricity significantly affected the ultimate load, as should be expected. An average loss in 
the ultimate load of 30%, 50%, 75%, and 90% (compared to the concentric columns) were 
reported for eccentricity-to-diameter ratios of 8.2%, 16.4%, 32.8%, and 65.6%, respectively, 
as shown in Table 6.2. The initial axial and lateral stiffness of the tested columns decreased 
with each increase in eccentricity. The average axial displacements, at the peak load, were 5.15, 
4.37, 4.55, and 10.05 mm for eccentricity-to-diameter ratios of 8.2%, 16.4%, 32.8%, and 
65.6%, respectively. The average lateral deformations at the peak load were 3.60, 4.70, 8.22, 
and 12.35 mm for the aforementioned ratios, respectively. Concomitantly, the measured bar 
strains on the tension side (at the peak load) noticeably increased with each increase in 
eccentricity. On the other hand, the post-peak behavior for each eccentric loading was different. 
After the peak load, the strength decayed due to the cover spalling; this decay was much high 
when the specimens had decreasing the eccentric loading and vice versa. 
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6.4.6.2 Longitudinal-Reinforcement Ratio 
According to the test results, increasing the reinforcement ratio from 2.2% to 3.3% resulted in 
a slight enhancement in column strength and behavior. The impact of this ratio was more 
pronounced in the post-peak behavior. The strength decay, after the peak, was much less for 
the columns with higher reinforcement ratio than the other columns. The average strength 
decay, after the peak, was 41%, 34%, 22%, and 3% for HC-A-25, HC-A-50, HC-A-100, and 
HC-A-200, respectively. The corresponding values for the columns with the higher 
reinforcement ratio were 33%, 26%, 11%, and 3% for HC-B-25, HC-B-50, HC-B-100, and 
HC-B-200, respectively.  
6.5 Experimental and Predicted P-M Interaction Diagram 
Based on the experimental results, the normalized interaction diagrams for the two series (A 
and B) were developed (see Fig. 6.10). The load path and strain gradient for each specimen are 
also shown in this figure. The normalized axial force (Kn) and the normalized bending moment 
(Rn) are given by: 
n
n
c g
PK
f A
   (6.1) 
'
n
n
c g
MR
f A D
  (6.2) 
1 2n n n n nM M M P e P x       (6.3) 
The value of Pn is defined as the ultimate axial load and (x) as the measured lateral mid-height 
displacement at ultimate. The moments Mn1 are based on the initial eccentricity (e) and the 
moments Mn2 are based on the secondary moments due to the measured lateral mid-height 
displacements (considering P-δ effects), as reported in Table 6.2. Ag is the gross sectional area, 
cf   is the cylinder concrete strength, and D is the overall diameter. The interaction diagram for 
the GFRP-RC columns has the characteristic “knee” shape found with steel-RC columns in 
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which the moment resistance increases as the axial load decreases until the inflection point 
(known as the balance point for steel-RC columns). At this point, the moment and axial 
resistances start decreasing simultaneously. This point is known to demarcate the compression- 
and tension-controlled zones for steel-RC columns. 
  
Figure 6.10– Normalized interaction diagrams based on the experimental results, load path, and 
strain gradient 
A comprehensive study based on the plane-section analysis conducted for strain profiles was 
established to predict the nominal axial force and bending-moment resistances of the tested 
specimens based on the relevant recommendations in the available design standards (ACI 
440.1R-15 and CSA S806-12). Given the lack of experimental research, the North American 
codes (ACI 440.1R-15 and CSA S806-12) do not address such columns, and they neglect the 
contribution of bars in compression if the bars are used in compression or flexural members. 
Based on this study and other analyses, the North American codes could start drafting a new 
chapter for these columns. This study considered the code assumptions, strain compatibility, 
and force equilibrium needed to develop the interaction diagram for the GFRP-reinforced HSC 
columns. A summary of these assumptions follows: 
1. Strain in reinforcement and concrete shall be assumed to be directly proportional to the 
distance from the neutral axis in cases when a perfect bond exists.  
2. The equilibrium of forces and strain compatibility must be satisfied. 
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3. Strength factors for concrete, GFRP bars, and spirals as well as the environmental 
reduction factor shall be set to unity.  
4. The ultimate strain at the extreme concrete compression fiber (εcu) shall be assumed to 
be 3,500 microstrains when using CSA S806-12 and 3,000 microstrains when using 
ACI 440.1R-15; the tensile strength of concrete shall be neglected in the calculation.  
5. The distribution of concrete compressive stress can be described by the equivalent 
rectangular stress block (ERSB) defined in each code/guideline. 
6. The contribution of the GFRP bars in compression is ignored; therefore, the axial 
resistance is estimated based on the following equations: 
1 ' ( )o c c g fP P f A A    (6.4) 
where 1 0.85   (when using ACI 440.1R-15) 
1 0.85 0.0015 ' 0.67cf     (when using CSA S806-12) 
Af is the total area of the GFRP longitudinal bars in mm2. 
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6.6 Comparison between Predicted and Experimental 
Results  
Figure 6.11 compares the experimental results for series A and B, respectively, and the 
predicted failure envelope using the assumptions in ACI 440.1R-15 (predicted I) and CSA 
S806-12 (predicted II). As shown in Fig. 6.11, the test results gave almost an upper bound, with 
a little margin, which means that most of the predicted results were on the safe side. In general, 
the predicted P-M interaction diagram using ACI 440.1R-15 assumptions was closer to the 
experimental results. Using CSA S806-12 assumptions yielded conservative predictions, 
especially for specimens with low eccentricities. The average ratios of the experimental axial 
force to the predicted axial force (Pexp/Ppred) were 1.07 and 1.15 with coefficients of variation 
of 8.80 and 6.95% for predicted I (ACI 440.1R-15) and predicted II (CSA S806-12), 
respectively. Lignola et al. (2007) reported that more accurate theoretical results can be 
predicted if a nonlinear distribution of curvature is considered instead of a constant one, as 
effective axial load eccentricity varies along the column. 
Figure 6.11– Comparison of different concepts of the normalized interaction diagrams 
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In addition, the measured strains were used in determining the neutral-axis-to-depth ratio (c/d) 
at peak loads (see Table 6.3). The c/d decreased as much as the eccentric loading increased. 
The c/d was also calculated theoretically based on the analysis and assumptions. The predicted 
(I) achieved higher but rather conservative values of c/d compared to the experimental values, 
although. The predicted (II) achieved closer values. Table 6.3 summarizes the results of this 
analysis.  
Table 6.3 – Comparison between the Experimental and Predicted Results 
Column code 
Pexp / Ppred (c/d) at peak 
Pred.  
I 
Pred.  
II Exp. 
Pred.  
I 
Pred.  
II 
HC-A-0 1.10 1.25 --- --- --- 
HC-A-25 1.00 1.15 1.20 1.35 1.10 
HC-A-50 1.00 1.10 0.85 1.05 0.85 
HC-A-100 1.05 1.10 0.50 0.60 0.50 
HC-A-200 1.30 1.15 0.35 0.35 0.35 
HC-B-0 1.10 1.30 --- --- --- 
HC-B-25 1.05 1.20 1.10 1.35 1.10 
HC-B-50 1.00 1.10 0.85 1.00 0.85 
HC-B-100 1.05 1.05 0.55 0.60 0.55 
HC-B-200 1.15 1.05 0.35 0.40 0.40 
Mean 1.07 1.15 --- --- --- 
COV (%) 8.80 6.95 --- --- --- 
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6.7 Conclusions 
A total of 10 circular high-strength concrete columns were constructed and tested under 
concentric/eccentric compression loading to investigate the behavior of GFRP-reinforced HSC 
columns. The test parameters were the GFRP longitudinal-reinforcement ratio and the 
eccentricity-to-diameter ratio. Based on the results of this investigation, the following 
conclusions can be drawn: 
1. Integrating GFRP reinforcement into high-strength concrete columns effectively 
contributed to enhancing the stiffness of cracked concrete sections when the GFRP bars 
were undergoing high strain and stress levels. 
2. The test observations indicate that the GFRP-reinforced HSC columns exhibited 
compression failure due to concrete crushing for the specimens tested under concentric 
and low eccentric loading (e/D ratios of 8.2% and 16.4%). In contrast, flexural–tension 
failure initiated in the specimens tested under high eccentric loading (e/D ratios of 
32.8% and 65.6%) because of excessive axial and lateral deformations and cracks on 
the tension side until secondary compression failure occurred due to the strain 
limitations of concrete.  
3. The failure of columns tested under high eccentric loading (e/D ratios of 32.8% and 
65.6%) was not triggered by rupture or crushing of the GFRP bars. The maximum 
absolute value for the measured strains at the peak in the GFRP bars was -3,100 
microstrains (13% of the ultimate strain) and 6,800 microstrains (28% of the ultimate 
strain) on the compression and tension sides, respectively. In essence, the GFRP bars 
on the compression side were able to sustain the applied load in the post-peak stage 
during concrete degradation. 
4. An average loss in the ultimate load of 30%, 50%, 75%, and 90% (compared to the 
concentric columns) were reported for columns tested under eccentricity-to-diameter 
ratios of 8.2%, 16.4%, 32.8%, and 65.6%, respectively, Consequently, a corresponding 
decrease in the initial axial stiffness of 5%, 25%, 50%, and 65% occurred. 
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5. The experimental evidence of the current study indicates that using GFRP bars and 
spirals in accordance with CSA S806 (2012) limitations maintained the integrity of the 
columns up to the estimated nominal axial–flexural strength. 
6. Increasing the longitudinal reinforcement ratio from 2.2% to 3.3% slightly enhanced 
the flexural behavior of the eccentrically loaded columns. The behavior of the 
concentric columns was not, however, affected by increasing this ratio. The average 
load carried by the longitudinal GFRP bars in the concentric columns was 
approximately 5% of the maximum load.  
7. The axial and flexural capacity of the GFRP-reinforced HSC columns can be accurately 
predicted using the code assumptions (ACI 440.1R-15 or CSA S806-12), strain 
compatibility, and force equilibrium (setting the strength factors to the unity). Predicted 
results ignoring the compression contribution of GFRP bars was reasonable but rather 
conservative relative to the experimental results. 
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Abstract 
So far, limited research has been conducted on high-strength concrete (HSC) columns 
reinforced with fiber-reinforced polymer (FRP) bars under axial and eccentric compressive 
loads. The behavior and failure modes of steel-reinforced HSC (steel-RHSC) columns are well 
known: they fail in compression by concrete crushing and/or in tension (steel yielding). The 
strength and failure mechanisms of HSC columns reinforced with carbon-FRP (CFRP) bars 
and spirals has not, however, been investigated yet. This paper presents test results from an 
experimental program conducted to study the failure mechanism and axial–moment capacity 
of 10 circular HSC columns reinforced with either CFRP or steel bars and tested under different 
levels of eccentricity. All the specimens measured 305 mm in diameter and 1500 mm in height. 
The test variables included different eccentricity-to-diameter ratios and two types of 
reinforcement (CFRP and steel). Laboratory recorded load–axial displacement, load 
displacement, failure mode, and reinforcement strain responses of the CFRP-RHSC columns 
were compared to the steel-RHSC columns. A further analytical study was then conducted 
based on the test results and plane section theory. Based on this study, the axial and flexural 
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capacity of CFRP-RHSC columns can be accurately predicted using plane sectional analysis. 
Furthermore, a comprehensive parametric investigation was conducted to generate numerous 
axial force–flexural moment (P-M) interaction diagrams.  
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7.1 Introduction 
Nowadays, fiber-reinforced-polymer (FRP) bars have been winning the trust and acceptance 
of public agencies and regulatory authorities in North America. At the same time, numerous 
investigations have been conducted to provide experimental and analytical data on different 
reinforced-concrete (RC) members with various types of FRP bars (Masmoudi et al. 1998; 
Afifi et al. 2013a; Elgabbas et al. 2016a; Ali et al. 2016; Mohamed et al. 2017). Whereas steel 
is isotropic, susceptible to electrochemical corrosion, and yields, FRP is anisotropic with a high 
tensile strength–to–weight ratio, is non-corroding material, and has linear elastic behavior up 
to failure. Getting the most out of the advantages of FRP bars in design requires a rational 
understanding of the material's characteristics. Therefore, the performance of FRP bars in 
concrete structures has been in the spotlight of civil-engineering research (ACI 440.1R 2015; 
ACI 440R 2007). 
Carbon-FRP (CFRP) bars are sound substitutes for steel bars, due to the little difference 
between their elastic moduli (the steel modulus is higher by approximately 40%). Based on 
past studies on various types of FRPs, CFRP was thought to be the least susceptible to creep 
and fatigue rupture (Curtis 1989; Yamaguchi et al. 1997). Other studies have also demonstrated 
the effectiveness of CFRP as the main reinforcement in different structural elements (El-Gamal 
et al. 2005; Afifi et al. 2013b). To date, few studies have been conducted to investigate the 
behavior of CFRP-RC columns (Afifi et al. 2013b; Sharbatdar 2003; Tobbi et al. 2014; 
Hadhood et al. 2017c). 
High-strength concrete (HSC)—that is, 55 MPa or greater—has been used primarily in high-
rise buildings, long-span bridges, and offshore structures (ACI 363R 2010). In general, 
increasing concrete strength increases member capacity, leading to a probably considerable 
reduction in member size. HSC is generally produced by increasing the amount of cement and 
adding mineral admixtures to the concrete mixture, which reduces the heat generated. Such 
mixtures have exhibited increased durability characteristics due to compactness and reduced 
permeability. It must be remembered that the use of HSC in columns is of great importance, 
particularly when high compressive forces and small bending moments are expected. Steel-
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reinforced HSC (Steel-RHSC) columns fail in compression due to concrete crushing and/or 
tension-controlled yielding of the steel. The failure of such columns under eccentric loading 
always initiates by the yielding of steel bars on the compression and/or tension sides, followed 
by concrete crushing, provided that the reinforcement ratio does not exceed 8% (the maximum 
reinforcement ratio in columns limited by North America’s codes ACI 318 (2014) and CSA 
A23.3 (2014a). Due to a lack of experimental data, FRP bars have not been recommended to 
resist compression stresses as longitudinal reinforcement in columns or compression 
reinforcement in flexural elements (ACI 440.1R 2015). Moreover, the Canadian Standard CSA 
S806 (2012) neglects the contribution of the compressive resistance of FRP longitudinal 
reinforcement in the compression zone in flexural and compressive concrete members. 
CFRP bars do not yield: they function up to failure. The failure of columns reinforced with 
CFRP bars has yet to be defined. Nevertheless, due to the significant difference in maximum 
strain between the concrete and CFRP bars, it is expected that the failure could be controlled 
by concrete. The compressive strength of CFRP bars, however, is also questionable. Past 
research has indicated that the strength and modulus of FRP bars are lower in compression than 
in tension (Wu 1990; Chaallal and Benmokrane 1993). When the concrete strength in such 
columns is increased, CFRP-RC is expected to exhibit a reasonable increase in axial and 
flexural strength. A few studies have investigated the behavior of CFRP-RC columns under 
eccentric loading. Sharbatdar (2003) tested 5 full-scale square columns reinforced with CFRP 
bars under monotonic eccentric loading (eccentricity-to-width ratio, e/b, = 26% and 33%). It 
has been reported that the longitudinal CFRP bars were able to develop the high tensile strains 
required to maintain the section in equilibrium under increased bending as the concrete on the 
compression side was gradually crushed. None of the columns tested failed due to rupture of 
CFRP bars in tension (Sharbatdar 2003). A recent study (Hadhood 2017c) revealed that CFRP 
reinforcement could be used as an internal reinforcement in eccentric columns, provided that 
the maximum compression strength could be limited to 40% of the reinforcement’s ultimate 
tensile strength. The CFRP bars developed up to 0.41 and 0.48% compressive and tensile 
strains, respectively, at peak, confirming that CFRP bars were effective in resisting 
compressive and tensile stresses (Hadhood 2017c). 
7.2 Research Significance 173
 
  
7.2 Research Significance 
A targeted experimental program is under way at the University of Sherbrooke (Quebec, 
Canada) to study the performance of concrete columns reinforced with FRP under different 
load combinations (static and dynamic). This program aims to enrich the research of FRP-RC 
columns and hence builds a data bank for a reliable discussions and results. This work is a part 
of a comprehensive research program concerned with the performance of circular columns 
reinforced with glass- and carbon-FRP bars made with normal- and high-strength concrete 
under eccentric loading and conducted in Tier-1 Canada research chair in Advanced Composite 
Materials for Civil Structures in the Department of Civil Engineering at the University of 
Sherbrooke.  
7.3 Experimental Program 
In this study, 10 full-scale circular HSC columns reinforced with either carbon-FRP or steel 
bars/spirals were prepared and tested under monotonically increasing concentric and eccentric 
loading. Eight specimens were tested under eccentric loading; two were tested under concentric 
loading. All the specimens measured 305 mm in diameter and 1500 mm in height, and were 
totally reinforced with CFRP or steel.  
7.3.1 Materials 
Sand-coated CFRP bars and spirals manufactured by a Canadian company (Pultrall Inc. 2012, 
Thetford Mines, Quebec) were used. The CFRP longitudinal bars and spirals were made of 
continuous carbon fibers impregnated with a thermosetting vinyl-ester resin, additives, and 
fillers. No. 5 CFRP bars were used as longitudinal reinforcement and No. 3 CFRP spirals were 
used as transverse reinforcement. Figure 7.1 shows bar and spiral samples for the CFRP 
reinforcement employed in this study. The tensile properties of the CFRP reinforcement were 
determined according to ASTM D7205 (2011). Also, 15M steel bars and 10M steel spirals 
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were employed for the control steel-RHSC columns. Table 7.1 provides the mechanical 
properties of the reinforcement used in this study.  
 
 
Figure 7.1– CFRP reinforcement (bars and spirals) 
All specimens were vertically cast on the same day from a single truckload of ready-mixed 
HSC. A concrete pump was used to pour the concrete into the column formwork. The 
maximum aggregate size was 14 mm. The slump was around 80 mm (before adding the 
superplasticizer). The concrete strength was determined in accordance with ASTM C39/C39M 
(2012) by testing 150 x 300 mm cylinders that were cured adjacent to the member specimens 
under similar conditions. The actual compressive strength was determined based on the average 
No. 5 sand-coated CFRP bars 
No. 3 CFRP spirals 
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test results of 10 concrete cylinders tested on the same day as the start of specimen testing. The 
average concrete strength was 70.2 ±2 MPa. 
Table 7.1 – Mechanical properties of CFRP and steel reinforcement 
Bar  
Size 
Diameter 
(mm) 
Areaa 
(mm2) 
Elastic Tensile 
Modulus 
(GPa) 
Tensile  
Strength 
(MPa) 
Tensile 
Strain 
(%) 
CFRP reinforcement 
No. 3 9.5 71 130±2.5 1,562b 1.20c 
No. 5 15.9 198 141±2.5 1,680b 1.19c 
Steel reinforcement 
10M 9.5 71 200 460d 0.23 
15M 16 200 200 460d 0.23 
a Nominal area 
b Ultimate strength of straight portion 
c Ultimate strength 
d Yield tensile strength 
7.3.2 Test Matrix and Specimen Preparation 
The test specimens were designed to investigate the failure mechanisms of the CFRP-RHSC 
versus the steel-RHSC columns. Five specimens were reinforced longitudinally with No. 5 
CFRP bars and transversely with No. 3 CFRP spirals. The remaining five columns were 
reinforced with 15M steel bars and 10M steel spirals for use as reference specimens. Table 7.2 
provides the test matrix and reinforcement details of the column specimens. The specimens 
were divided into two series. Series H-C included five columns (H-C-e0, H-C-e25, H-C-e50, 
H-C-e100, and H-C-e200) longitudinally reinforced with 8 No. 5 CFRP bars. Series H-S 
included five columns (H-S-e0, H-S-e25, H-S-e50, H-S-e100, and H-S-e200) longitudinally 
reinforced with 8-15M steel bars. Specimens H-C-e0 and H-S-e0 were tested under pure axial 
loading and used as control specimens, while the other specimens were tested under increasing 
monotonic eccentric loading. Four eccentricity-to-diameter ratios (e/D) were considered and 
applied (8.2%, 16.4%, 32.8%, and 65.6%) to develop different failure mechanisms. The 
specimen design and analysis were carried out according to the recommendations in CSA 
(2012). The CFRP and steel cages were assembled and inserted on Sonotubes, then held 
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vertically by a wooden formwork, as illustrated in Fig.7.2. Each coil of the CFRP spiral 
consisted of one complete helical spiral without any lapped splices. The spiral pitch in all 
specimens was typically 80 mm. In addition, the concrete cover was kept constant at 25 mm 
from the spiral face.  
Table 7.2 – Specimen details, lateral displacement, and strength 
 
Series 
 
 
Col. 
ID 
 
e a 
(mm) 
e/D 
(%) 
Reinforcement 
Pn 
(kN) 
xb 
(mm) 
Mnc 
(kN.m) Longitudinal (Ratio %) Transverse 
H-C 
H-C-e0 --- --- 8 No. 5 (2.2) No.3 @ 80 mm 5120 --- --- 
H-C-e25 25 8.2 8 No. 5 (2.2) No.3 @ 80 mm 3671 4.07 106.7 
H-C-e50 50 16.4 8 No. 5 (2.2) No.3 @ 80 mm 2538 5.22 140.1 
H-C-e100 100 32.8 8 No. 5 (2.2) No.3 @ 80 mm 1392 8.01 150.3 
H-C-e200 200 65.6 8 No. 5 (2.2) No.3 @ 80 mm 611 11.83 129.4 
H-S 
H-S-e0 --- --- 8 15M (2.2) 10M @ 80 mm 5285 --- --- 
H-S-e25 25 8.2 8 15M (2.2) 10M @ 80 mm 3791 3.24 107.1 
H-S-e50 50 16.4 8 15M (2.2) 10M @ 80 mm 2806 5.43 155.5 
H-S-e100 100 32.8 8 15M (2.2) 10M @ 80 mm 1478 8.22 159.9 
H-S-e200 200 65.6 8 15M (2.2) 10M @ 80 mm 574 10.94 121.1 
a Applied eccentricity 
b Mid-height lateral displacement at peak load 
c Calculated based on Eq. (7.3) 
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Figure 7.2– CFRP- and steel-RHSC columns inside the Sonotubes and formwork; cross 
sections of (a) formwork and Sonotubes, (b) CFRP cage, and (c) steel cage. 
7.3.3 Instrumentation and Test Setup 
The CFRP-RHSC and steel-RHSC specimens were instrumented by attaching electric strain 
gauges to measure strains in the longitudinal bars, spirals, and concrete surfaces. Moreover, 
linear potentiometers (LPOTs) were mounted to measure the axial displacements and lateral 
displacements. Before the specimens were cast, strain gauges were fixed on the outermost 
longitudinal bars and the spirals on both the tension and compression sides. All gauges were 
located at column mid-height at the positions where the maximum strains were expected. For 
testing preparation, the top and bottom surfaces were leveled to ensure uniform load 
distribution. The columns were placed on predesigned steel leveling plates to adjust leveling, 
(c)
(a)
(b) 
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and then a thin high-strength grout layer was cast. The next day, the columns were flipped to 
level the other end. The eccentric loading was applied by fastening two predesigned tubular 
steel end caps (250 mm in height) on both column ends, as shown in Fig. 7.3. The end cap 
consisted of two units: the first was a 25-mm flat plate welded to a 15-mm semicircular plate; 
the other unit was a 15-mm semicircular plate coincident with and clamped to the first unit 
with 3 M15 (15 mm diameter) bolts on each side. The whole assembly was stiffened and 
welded with 25 mm outward-radiating stiffeners. Each end cap was bolted to a 40-mm diameter 
roller bearing to simulate a knife-edge loading. The eccentricity was adjusted for each 
specimen by changing the position of the roller bearing. So, the loading was applied through 
the knife edges, represented by the roller bearing at the column edges. The specimens were 
tested using a 6,000 kN capacity Forney machine located in the structural lab at the University 
of Sherbrooke. 
                                
Figure 7.3– Test setup and instrumentations (structural lab, University of Sherbrooke) 
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7.4 Experimental Results and Discussion 
7.4.1 General Behavior, Strength, and Failure Mechanisms 
In general, the behavior of test specimens was significantly affected by the level of the applied 
eccentricity. According to the test results and observations, the applied loading eccentricity 
was characterized by four different levels: low, moderate, high, and extreme for eccentricity-
to-diameter ratios of 8.2%, 16.4%, 32.8%, and 65.6%, respectively.  
The failure mechanism of the control columns (H-C-e0 and H-S-e0; zero eccentricity) was 
comparatively brittle and more sudden and explosive than that of the eccentric columns. During 
testing, limited vertical hairline cracks started to appear at approximately 85% to 95% of the 
columns’ peak loads at mid-height. Before that, the concrete cover was visually free of cracks. 
The vertical cracks gradually increased and widened as the column load increased up to the 
peak point. The maximum peak loads recorded for H-C-e0 and H-S-e0 were 5,120 and 
5,285 kN, respectively.  
Figure 7.4 shows different sections for the CFRP- and steel-RHSC eccentric columns after 
failure. The applied load of the eccentric columns (H-C-e25, H-S-e25, H-C-e50, H-S-e50, H-
C-e100, H-S-e100, H-C-e200, and H-S-e200) increased steadily but at different rates, 
depending on the level of the eccentricity, from the origin to a point at which microcracks 
initiated. While the microcracks propagated inside the concrete core, the stress gradually 
increased at a lower rate. Then, flexural–compression cracks initiated at a load level of 92% to 
95% on the compression side at the column mid-height. On the tension side, flexural–tension 
cracks initiated at different load levels (according to the level of the eccentricity), which helped 
reduce the stress-rate increase. When the peak load had been reached, the existing cracks along 
with bar deformation contributed to splitting the concrete cover, causing cover spalling and, 
consequently, increased stress in the concrete core. After peak, the stress decayed as the 
concrete gradually degraded, leading to failure. The following parts describe in detail the 
behavior and failure mechanisms of the eccentric columns.  
180 Chapter 7: Strength of HSC CFRP-RC Columns
 
 
(a) CFRP-RHSC eccentric columns         (b) Steel-RHSC eccentric columns 
Figure 7.4– Failure modes 
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7.4.1.1 Low Eccentricity (e/D=8.2%) 
The applied load of H-C-e25 and H-S-e25 increased steadily until the initiation of microcracks 
at load levels of 57% and 63%, respectively. After this point, the stress gradually increased to 
the peak at a lower rate. The last concrete strain recorded on the compression side for H-C-e25 
before the gauge malfunctioned was -2,850 microstrains (as shown in Fig. 7.5), which is close 
to the maximum strain limit (-3,000 microstrains) given by the American code and the FRP 
guide (ACI 318-14 and ACI 440.1R-15). The outermost compression bars were subjected to 
increasing lateral pressure (after the cover spalling) combined with compressive stresses. 
Shortly after the peak, the outermost compression bars in H-C-e25 were no longer able to 
sustain the load they carried. Consequently, H-C-e25 exhibited brittle compression failure due 
to the crushing of the outermost compression bars, crushing of the concrete, and rupture of the 
spirals on the compression side. The specimen failed in a sudden, explosive manner similar to 
that of H-C-e0.  
 
Figure 7.5– Load versus concrete strain on the compression side 
On the other hand, the strain of the outermost compression bars in H-S-e25 had exceeded the 
yield strain before the peak was reached. After peak, as soon as the load started decaying, 
numerous flexural–tension cracks appeared. They rapidly propagated along the column height 
and extended to the quarter depth, leading to a significant increase in both lateral mid-height 
displacement and bar strain on the tension side. The specimen’s failure was defined as 
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compression-controlled due to the yielding and buckling of the outermost compression bars 
and concrete crushing.  
Lastly, the maximum axial forces sustained by these columns—H-C-e25 and H-S-e25—were 
3,671 and 3,791 kN, respectively. In comparison to the control columns (H-C-e0 and H-S-e0), 
the eccentric columns—H-C-e25 and H-S-e25—lost an average of 28% of their axial capacity 
due to the low eccentricity.  This percentage can be calculated by dividing the peak loads of 
the eccentric to concentric columns and subtracting from the unity (% lost =100*(1- (Pe25 
/Pe0))). 
7.4.1.2 Moderate Eccentricity (e/D=16.4%) 
The overall behavior of H-C-e50 and H-S-e50 was similar to H-C-e25 and H-S-e25. Increasing 
the level of eccentricity, however, decreased the neutral-axis depth ratio and changed the failure 
mode of H-C-e50 more than that of H-C-e25. This was mainly due to the wide crack 
propagation on the tension side and the gradual concrete degradation on the compression side. 
The load-carrying capacities of H-C-e50 and H-S-e50 increased steadily until the initiation of 
microcracks at load levels of 65% and 68%, respectively. Flexural–compression and flexural–
tension cracks had initiated on the compression and tension sides, respectively, before the peak 
was reached. The last concrete strain recorded on the compression side before peak was -2,500 
microstrains for H-C-e50, after which degradation started. The strain in the compression bars 
increased as concrete degradation gradually increased, leading to a crushing of the outermost 
compression CFRP bars. At this moment (bar crushing), the strength decay of this specimen 
(H-C-e25) reached 41%.  Moreover, the flexural–tension cracks propagated along the column 
height and extended to the quarter depth, as shown in Fig. 7.4a. The failure of H-C-e50 was 
attributed to compression failure due to the crushing of the outermost compression CFRP bars 
and gradual concrete degradation. On the other hand, H-S-e50 exhibited a failure mechanism 
similar to H-S-e25. The failure of this specimen was also defined as compression-controlled 
due to yielding and buckling of the outermost compression steel bars as well as concrete 
crushing. Lastly, the maximum axial forces sustained by H-C-e50 and H-S-e50 were 2,538 and 
2,806 kN, respectively. In comparison to the control columns (H-C-e0 and H-S-e0), the 
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eccentric columns—H-C-e50 and H-S-e50—lost an average of 49% of their axial capacity, due 
to the moderate eccentricity. 
7.4.1.3 High Eccentricity (e/D=32.8%) 
The behavior of H-C-e100 and H-S-e100 was different than that described above. Increasing 
the eccentricity to this level significantly decreased the neutral-axis depth ratio, leading to a 
noticeable acceleration of the flexural–tension cracks on the tension side. Flexural–tension 
cracks initiated early on and propagated along the column height at an average load level of 
6% of the peak load. Flexural–compression cracks had initiated on the compression side before 
the peak reached. At peak, the existing cracks along with the bar deformation contributed to 
splitting a small part of the concrete cover, causing slight cover spalling. The concrete strain 
on the compression side for H-C-e100, at peak, reached -3,500 microstrains, (as shown in 
Fig. 7.5), at which point, the concrete started to degrade. The strain in the compression bars 
increased as concrete degradation gradually increased, leading to a crushing of the outermost 
compression bars. At this point (bar crushing), the strength decay reached 14%. Moreover, the 
flexural–tension cracks in H-C-e100 rapidly propagated along the column height and extended 
to the mid-depth, as shown in Figs. 7.4b and 7.4c. The failure of H-C-e100 was attributed to 
flexural–compression mode due to the crushing of the outermost compression bars and gradual 
concrete degradation, as shown in Fig. 7.4b. On the other hand, the strain of the outermost 
compression bars in H-S-e100 exceeded the yield strain before the peak was reached. The 
concrete strain on the compression side, at peak, was -3,130 microstrains. The load then started 
decaying, and the flexural–tension cracks rapidly propagated and widened. These cracks also 
extended to the column mid-depth, leading to a significant increase in both the axial and lateral 
mid-height displacements. The failure of H-S-e100 was in the transition mode between 
compression-controlled and tension-controlled, according to the failure description in ACI 318 
(2014). The failure was attributed to yielding of the outermost steel tension bars (but less than 
5,000 microstrains) and concrete crushing. Lastly, the maximum axial forces sustained by H-
C-e100 and H-S-e100 were 1,392 and 1,478 kN, respectively. In comparison to the control 
columns (H-C-e0 and H-S-e0), the eccentric columns—H-C-e100 and H-S-e100—lost an 
average of 73% of their axial capacity, due to the high eccentricity. 
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7.4.1.4 Extreme Eccentricity (e/D=65.6%) 
Increasing the eccentricity to this level decreased the neutral-axis depth ratio more than in the 
preceding case. As a result, the flexural–tension cracks initiated very early on and propagated 
along the column height at an average load level of 10%.  The failure modes of H-C-e200 and 
H-S-e200 were similar to H-C-e100 and H-S-e100, respectively. For column H-C-e200, the 
flexural–tension cracks rapidly propagated along the column height and extended behind the 
mid-depth, as shown in Figs. 7.4b and 7.4c. Moreover, the concrete strain on the compression 
side, at peak, reached -3,700 microstrains (as shown in Fig. 7.5). After peak, a sudden crushing 
of the outermost compression bars successively occurred. The failure of H-C-e200 was 
attributed to flexural–compression mode due to the crushing of the outermost compression bars 
and gradual concrete degradation. On the other hand, the failure of specimen H-S-e200 was in 
the transition mode, as with H-S-e100. Lastly, the maximum axial forces sustained by H-C-
e200 and H-S-e200 were 611 and 574 kN, respectively. In comparison to the control columns 
(H-C-e0 and H-S-e0), the eccentric columns—H-C-e200 and H-S-e200—lost an average of 
88% of their axial capacity, due to the extreme eccentricity. 
7.4.2 Axial- and Lateral-Displacement Behavior 
Figure 7.6 shows the load versus axial-displacement response for the eccentric columns. The 
axial displacement was measured with two linear potentiometers (LPOTs) mounted on the ram 
head. A significant decrease in the initial axial stiffness was observed with each increase in 
eccentricity. The axial displacement at peak, however, did not necessarily increase as much as 
the eccentricity increased. The axial displacement for the H-C series, at peak, was 5.9, 4.8, 5.5, 
and 12.1 mm for H-C-e25, H-C-e50, H-C-e100 and H-C-e200, respectively. In addition, the 
axial displacements for their counterparts were 5.8, 4.8, 5.3, and 9.5 mm for H-S-e25, H-S-
e50, H-S-e100 and H-S-e200, respectively. 
Generally, an initial linear branch was observed in the columns up to a load level of 
approximately 75% to 90%. After this stage, a semilinear ascending branch developed up to 
their peak loads. This branch was characterized by a gradual loss of the initial stiffness, mainly 
due to microcrack propagation on the compression side and flexural–tension cracks (for the 
7.4 Experimental Results and Discussion 185
 
  
columns tested under high and extreme eccentricity). In addition, it is worth mentioning that 
series H-C exhibited an axial displacement response similar to that of series H-S.  
 
Figure 7.6– Load versus axial displacement 
Figure 7.7 shows the load versus lateral mid-height displacement response for the eccentric 
columns. Mid-height displacements were measured by LPOTs mounted at column mid-height. 
A noticeable decrease in the initial lateral stiffness was observed with each increase in 
eccentricity. The response was almost linear for columns tested under low and moderate 
eccentricity (H-C-e25 and H-C-e50).  
 
Figure 7.7– Load versus lateral mid-height displacement 
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A bilinear response, however, developed for columns tested under high and extreme 
eccentricity (H-C-e100 and H-C-e200). This response reflected the sudden change in the lateral 
stiffness at the cracking point. The mid-height displacements, at peak, were 4.1, 5.2, 8.0, and 
11.8 mm for H-C-e25, H-C-e50, H-C-e100, and H-C-e200, respectively. The corresponding 
values for their counterparts in the steel series were 3.2, 5.4, 8.2, 10.9 mm for H-S-e25, H-S-
e50, H-S-e100, and H-S-e200, respectively. In addition, series H-C exhibited a lateral-
displacement response similar to that of series H-S. 
7.4.3 Longitudinal CFRP-Bar Strain Responses 
Axial strains were recorded for the outermost bars, where the maximum compression and 
tension stresses were expected. Figure 7.8 shows the bar-strain behavior at mid-height for the 
eccentric CFRP- and steel-RHSC columns. As shown in this figure, the strain responses of the 
CFRP bars behaved similarly to that of the steel bars at different load levels. The strain 
responses on the compression side exhibited a linear response in the initial stage until the 
propagation of microcracks, followed by a gradual semilinear increasing response to the peak 
loads. Moreover, the strain responses on the tension side exhibited a linear response up to the 
initiation of the flexural–tension cracks, followed by a gradual semilinear increasing to the 
peak loads.  
 
Figure 7.8– Load versus outermost bar strain at mid-height 
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Under low eccentricity, a section of H-C-e25 was under full compressive stress until the peak 
was reached. The average strain for the outermost bars on the compression side, at peak, was -
2,670 microstrains. The average strain for the outermost bars on the tension side, however, was 
minimal. After peak, the concrete cover explosively spalled. Subsequently, the stress inside the 
concrete core increased. The outermost compression bars were exposed to axial compressive 
forces and bending moments resulting from the lateral pressure. After the cover spalled, the 
concrete confinement provided to the outermost bars on the compression side decreased. 
Consequently, these bars were unable to sustain much more bending stress. CFRP bars do not 
have a high bending resistance: they crush before they buckle. The failure of the CFRP bars in 
compression occurred as crushing of the outermost bars into few small pieces in the test region. 
These observations are consistent with the test results obtained for other tested CFRP-RC 
columns (Afifi et al. 2013b; Sharbatdar 2003; Hadhood et al. 2017c). The maximum strain 
recorded for the outermost compression CFRP bars was -3,300 microstrains.   
Under moderate eccentricity (H-C-e50), most of the section experienced compressive stresses; 
a small portion was under tensile stress. The average strain for the outermost bars on the 
compression side, at peak, was -2,980 microstrains; the corresponding value on the tension side 
was 180 microstrains. After peak, the cover spalled, which reduced section properties and 
concrete confinement of the compression bars, as well as increasing stress inside the concrete 
core. In comparison to H-C-e25, the outermost compression bars in H-C-e50 were exposed to 
smaller axial compressive forces and bending moments. The concrete confinement on the 
compression side was also much stronger. As a result, the compression bars were able to sustain 
the load longer than H-C-e25 before they were crushed. On the tension side, the bar strains 
progressively increased until the test halted. The maximum strain recorded for the outermost 
tension bars was 5,600 microstrains (47% of the ultimate tensile strain). 
Under high eccentricity (H-C-e100), the neutral-axis depth ratio decreased as the eccentricity 
increased. Approximately half of the section was under compressive stress; the rest under 
tensile stress. The average strain for the outermost bars on the compression side, at peak, was 
-2,675 microstrains and the corresponding value on the tension side was 3,174 microstrains.  
After peak, the cover spalled, causing a disruption in section properties and the confining 
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pressure. While only four bars on the compression side resisted the compressive stresses, they 
were also exposed to increasing lateral pressure. Consequently, these bars were crushed at a 
strain of -4,200 microstrains. On the tension side, the bar strains progressively increased until 
the test halted. The maximum strain recorded for the outermost tension bars was 6,400 
microstrains (54% of the ultimate tensile strain). 
Under extreme eccentricity, the neutral-axis depth continued to decrease as the eccentricity 
increased. Approximately a quarter of the section was under compressive stress; the rest under 
tensile stress. The average strain for the outermost bars on the compression side, at peak, was 
-3,000 microstrains; the corresponding value on the tension side was 5,400 microstrains. After 
the peak, while only two bars on the compression side resisted the compressive stresses, they 
were also exposed to increasing lateral pressure. Consequently, these bars were crushed at a 
strain of -3,800 microstrains. On the tension side, the bar strains progressively increased until 
the test halted. The maximum strain recorded for the outermost tension bars was 6,200 
microstrains (52% of the ultimate tensile strain). 
7.4.4 Influence of the Test Parameters 
7.4.4.1 Eccentricity-to-Diameter Ratio 
The main objective of this study was to determine the failure mechanisms of CFRP-RHSC 
columns under eccentric loading. Four eccentricity-to-diameter ratios were considered to 
develop different behaviors and hence different failure mechanisms. In comparison to the 
control specimens H-C-e0 and H-S-e0, the eccentric column specimens lost an average of 28%, 
49%, 73%, and 89% of their strength at eccentricity-to-diameter ratios of 8.2%, 16.4%, 32.8%, 
and 65.6%, respectively. The failure modes of the columns tested under low and moderate 
eccentricity were attributed to compression failure due to the crushing of the outermost 
compression bars and concrete crushing. The failure of the other specimens was attributed to 
flexural–compression mode due to the crushing of the outermost compression bars and gradual 
concrete degradation. On the other hand, failure of the steel specimens was attributed to 
compression and transition modes at low and moderate eccentricity and high and extreme 
eccentricity, respectively. Moreover, the initial axial and lateral stiffness of the tested columns 
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decreased significantly as the eccentricity increased. Series H-C and H-S exhibited similar 
behavior under the different levels of applied eccentricity.  
7.4.4.2 Reinforcement Type 
The CFRP- and steel-RHSC columns were designed to have the same longitudinal and 
transverse reinforcement ratios. Both of them were reinforced with eight No. 5 longitudinal 
bars (ρf = ρs =2.24%) and No. 3 spirals spaced 80 mm, where ρf and ρs are the longitudinal 
reinforcement ratio of CFRP- and steel-RHSC columns, respectively. 
While the modulus of the steel bars was approximately 40% higher (Es =200 GPa and Ef =141 
GPa), they developed higher forces than the CFRP bars (at the same strain level) the until steel 
yielded. CFRP bars do not yield; their behavior to failure is elastic. Therefore, the contribution 
of the CFRP bars on both the compression and tension sides significantly impacts column 
behavior compared to the steel bars. Figure 7.8 reveals that, at high and extreme eccentricity, 
the CFRP bars developed higher compressive and tensile strains. They also noticeably 
contributed to column strength until the test was halted. In addition, the failure of these 
specimens was attributed to the gradual concrete degradation. In essence, these columns (H-C-
e100 and H-C-e200) would sustain constant axial load until bar-rupture. 
The axial- and lateral-displacement responses revealed that both the CFRP- and steel-RHSC 
columns behaved similarly up to their peak loads. Both achieved similar axial and flexural 
strengths (see Fig. 7.9). The ratios of the maximum axial forces of the CFRP- and steel-RHSC 
columns were 0.97, 0.90, 0.94, and 1.06 for low, moderate, high, and extreme eccentricity, 
respectively. Failure of the steel-RHSC columns always initiated with the yielding of the 
compression and/or tension bars, followed by concrete crushing. Failure of the CFRP-RHSC 
columns always initiated by the cover spalling, followed by bar crushing and gradual concrete 
degradation on the compression side. It is equally important to consider the failure of H-C-e25, 
which failed explosively after the cover spalled. It is also worth highlighting that, while 
concrete-crushing failure is undesirable in steel-RHSC members, it is the preferred mode of 
failure for CFRP-RHSC members to avoid catastrophic bar failure. Finally, this study 
confirmed that the CFRP-RHSC columns achieved similar axial and flexural resistances, which 
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indicates that this type of reinforcement should be considered for such applications, thereby 
conferring the advantages of CFRP reinforcement.  
 
Figure 7.9– Experimental normalized interaction diagrams for CFRP- and steel-RHSC 
columns (strength factors set to unity) 
7.5 Normalized Interaction Diagram 
7.5.1 Experimental Normalized (Kn - Rn) Diagram 
In this study, concentric and four different eccentricity-to-diameter ratios (e/D = 8.2%, 16.4%, 
32.8%, 65.6%) were applied to two series of columns (H-C and H-S). Based on the test results 
for each specimen, the normalized interaction diagrams were developed in terms of Kn and Rn 
(see Fig. 7.9). The normalized axial force (Kn) and the normalized bending moment (Rn) are 
given by: 
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where Ag is the gross sectional area, cf   is the cylinder concrete strength, D is the overall 
diameter, e is the given eccentricity, and x is the lateral mid-height displacement at peak. As 
shown in Fig. 7.9, both series (H-C and H-S) exhibited similar behavior. Series H-C, however, 
exhibited less axial and flexural capacity than series H-S at axial loading as well as low, 
moderate, and high eccentricity. Meanwhile, H-C-e200 exhibited more axial and flexural 
capacity at extreme eccentricity than H-S-e200. The interaction diagram of the steel-RHSC 
columns was typical, showing a compression-controlled mode in the top part and a tension-
controlled mode in the bottom part. As shown in Fig. 7.9, the interaction diagram of the CFRP-
RHSC columns is similar in shape to the steel-RHSC interaction diagram, confirming that 
CFRP-RHSC columns with certain concrete strengths and at certain reinforcement ratios could 
behave as well as steel-RHSC columns, even at higher eccentricity. To further investigate the 
effect of concrete strength and reinforcement ratio, plane sectional analysis was performed, 
followed by a comprehensive parametric investigation.  
7.5.2 Sectional Analysis 
In this section, P-M interaction diagrams were developed for the CFRP-RHSC columns tested 
in our study using a detailed sectional analysis based on strain compatibility, internal force 
equilibrium, and setting the strength factors to unity. Many researchers (Choo et al. 2006a; 
Mohamed and Masmoudi 2010; Zadeh and Nanni 2013; Hadi et al. 2016) have suggested that 
P-M interaction diagrams for FRP-RC columns can be developed using simple sectional 
analysis procedures developed for steel-RC columns. Given the lack of the experimental 
research, North America’s codes / guidelines (ACI 440.1R-15 and CSA S806-12) do not 
address FRP-RC columns. Moreover, they neglect the contribution of bars in compression if 
the bars are used in compression or flexural members.  Accordingly, the nominal axial and 
bending resistances were calculated with two scenarios: one ignoring the bars’ contribution in 
compression and another considering it. Due to the high ultimate strain of CFRP reinforcement 
(11,900 με) and strain limitations of concrete (εcu), failure is always controlled by the concrete 
if the reinforcement ratio remains within code limitations. Based on the foregoing, the 
following assumptions were adopted when ignoring the contribution of bars in compression: 
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 Strain in CFRP reinforcement and concrete shall be directly proportional to the distance 
from the neutral axis, assuming a perfect bond between them (plane sections remain 
plane after deformations based on the Euler–Bernoulli theory).  
 Equilibrium of forces and strain compatibility are satisfied.  
 Strength factors for concrete and CFRP bars are set to unity. 
 The maximum usable strain for concrete (εcu) is 3,500 microstrains, as provided in CSA 
S806 (2012), and the tensile strength of concrete is neglected in the calculation.  
 The distribution of concrete compressive stress can be described by the equivalent 
rectangular stress block (ERSB) defined by CSA S6 (2014a) and CSA S806 (2012).  
 The stress–strain curve of CFRP reinforcement is idealized as linear-elastic to failure.   
 The contribution of CFRP bars in compression is ignored. Therefore, the axial 
resistance can be estimated based on the following equations: 
'
1 ( )co c g fP P f A A    (7.4) 
'
1 0.85 0.0015 0.67cf     (7.5) 
where Af is the total area of the longitudinal bars; and 1  is the ratio of the average stress in 
the rectangular compression block to the specified concrete strength. 
The same assumptions were used when considering the compression contribution of CFRP bars 
but replacing the last assumption with two other assumptions: 
 The tensile and compressive Young’s moduli are equal.  
 The nominal axial resistance is calculated based on this equation (assuming that the 
strain in CFRP bars is equal to the ultimate assumed concrete strain): 
'
1 ( ) 0.0035co c f g f f fP P P f A A E A      (7.6) 
where Ef is the Young’s modulus of the CFRP bars. 
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7.5.2.1 Nominal Axial Force and Bending Moment 
In this part, the nominal axial forces and bending moments are presented according to two 
scenarios: 
Scenario (A): Ignoring the Contribution of CFRP Bars in Compression 
In the first scenario, based on the equilibrium of forces shown in Fig. 7.10, strain compatibility 
and neglecting the compression forces, at any level of eccentricity, the nominal axial and 
flexural resistances can be calculated as: 
1
nt
n c fj f f
j
P P T C E A

      (7.7) 
1
( )
nt
n c t c c fj f f j
j
M M M C y E A R y

       (7.8) 
where Cc is the compression force in concrete; yc is the distance between the centroid of the 
concrete on the compression side to the centroid of the concrete cross section (point o); εfj, Ef, 
Af, and yj are the strain, Young's modulus, area, and the distance to point o for the row at level 
j on the tension side, respectively; P and T are the developed compression and tension forces, 
respectively; and Mc and Mt are the flexural moments of the concrete segment and tension bars, 
respectively. The compression force in concrete can be calculated as: 
1c c cC f A   (7.9) 
32 sin
3c
Ry   (7.10) 
2
cA R   (7.11) 
sin cos      (7.12) 
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1 aCos
R
    (7.13) 
'
1 1, 0.97 0.0025 0.67ca c f      (7.14) 
where Ac is the area of the circular segment (see Fig. 7.10); R is the column radius; c is the 
neutral-axis depth; and a is the depth of the ERSB. 
 
 
 Compressive concrete circular segment 
Figure 7.10– Plane sectional analysis for CFRP-RHSC columns 
Scenario (B): Considering the Contribution of CFRP Bars in Compression 
The previous equations were modified as given below to consider this contribution (see Fig. 
7.10). At any level of eccentricity, the nominal axial and flexural resistances can be calculated 
as:  
1 1
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where εfi, and yi are the strain, and the distance to point o for any row at level i on the 
compression side, respectively; Mfc and Mft are the flexural moments of compression and 
tension bars, respectively.  
7.5.3 Comparison of the Predicted and Experimental Axial and 
Flexural Resistances 
Figure 7.11 compares the experimental normalized P-M interaction diagram for the CFRP-
RHSC columns with the predicted diagrams resulting from the two scenarios of the plane 
section analysis. Scenario (A), which ignored the contribution of the CFRP bars in 
compression, underestimated the axial and flexural resistances with an average margin of 21%. 
Scenario (B), which considered the contribution of CFRP bars in compression, however, 
achieved axial and flexural resistances close to the experimental values with an average margin 
of 6%. In the light of these results, we concluded that considering the contribution of CFRP 
bars in compression for columns under eccentric loading would provide a more accurate design 
(with a very small margin of safety) and ignoring the contribution of CFRP bars in compression 
increased the level of conservatism. Moreover, the rectangular compressive-block parameters 
proposed in Canadian codes are given in Eqns. 7.5 and 7.14 and yielded conservative 
estimations with '
c
f  = 70 MPa. The level of conservatism depends on the concept adopted 
concerning the contribution of the compressive CFRP bars, as discussed above. A validation 
of this block parameter, however, with more test specimens with higher concrete strength is 
strongly recommended for a fair appraisal. 
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Figure 7.11– Comparison between predicted interaction diagrams and experimental results 
(D=305 mm and r/R =0.77) 
7.6 Parametric Investigation 
A parametric investigation was carried out to study the structural performance in terms of 
developing numerous interaction diagrams (setting the strength factors to unity). The 
parameters included the longitudinal reinforcement ratio (1%, 2%, 3%, 4%, 5%, and 6%), 
concrete strength (60, 80, and 100 MPa), and the contribution of bars in compression 
(considered or not). In this investigation, the sectional analyses (scenario A and B) were used 
to calculate the nominal axial and flexural resistances of a circular column with the same cross 
section as the tested specimens. Figure 7.12 shows the results of this investigation. These 
results were analyzed according to three points: 
7.6.1 Effect of Increasing the Longitudinal Reinforcement Ratio (
f  ) 
The impact of this parameter was more pronounced in scenario B, in which the contribution of 
bars in compression was considered. Increasing f resulted in a corresponding increase in 
column capacity. The increase depended on the level of the eccentricity and concrete strength. 
For instance, at e/D=65.6% and cf =60 MPa, increasing this ratio by 1% resulted in a 
corresponding increase to the axial and flexural resistances of 84% (at 6% reinforcement ratio). 
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Increasing f according to scenario A (ignoring the contribution of bars in compression) only 
increased the capacity of specimens at higher levels of eccentricity. For instance, at e/D =65.6% 
and cf =60 MPa, increasing this ratio by 1% resulted in a corresponding increase to the axial 
and flexural resistances of 48% (at 6% reinforcement ratio). It is worth mentioning that the 
failure of the CFRP-RHSC was not triggered by bar rupture on tension side within the range 
of 1% to 6%. The minimum reinforcement ratio for specimens with higher compressive 
strength, however, should be revised to avoid any bar rupture.  
7.6.2 Effect of Increasing the Concrete Strength ( cf ) 
The impact of concrete strength was obvious for the whole investigation in both scenarios (A 
and B). Increasing this parameter returned in a corresponding increase in column capacity. For 
instance, at e/D = 8.2%, f =1% with scenario A, increasing this parameter over 60 MPa 
resulted in a corresponding increase in axial and flexural resistances of 54% (at cf = 100 MPa).  
7.6.3 Effect of Ignoring the Contribution of Bars in Compression 
The impact of this parameter is quite controversial according to current codes and design 
guidelines (ACI 440.1R 2015 and CSA S806 2012). The lack of experimental data forces these 
guidelines to ignore the compression contribution of this kind of bar, especially when no 
standard test has been determined to estimate bar compressive strength. While a variety of 
FRP-bar products are available with different moduli, any ignoring of this contribution should 
be justified in design when it is based on their physical characteristics and structural behavior. 
In this investigation involving CFRP bars, ignoring this parameter obviously resulted in a 
certain increase in column capacity being ignored under concentric loading and low, moderate, 
and high eccentricity. For instance, at e/D = 8.2%, cf   =60 MPa, and f =6%, ignoring this 
contribution ignored a 47% increase in column capacity. Ignoring the contribution of CFRP 
bars in compression, however, increased the level of conservatism. 
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7.7 Conclusions 
The following conclusions have been drawn from the research presented in this study: 
 The axial and lateral displacement responses of CFRP- and steel-RHSC columns were 
similar at various levels of eccentricity. Moreover, at low eccentric loading (e/D= 8.2% 
and 16.4%), the compressive stresses—mainly resisted by the concrete—were 
dominant. At high eccentric loading (e/D= 32.8% and 65.6%), the CFRP bars on the 
tension side developed higher strains than the steel bars. 
 The CFRP-RHSC columns exhibited less capacity than the steel-RHSC columns at low, 
moderate, and high eccentricity, with an average margin of 7%. At extreme eccentricity, 
the CFRP-RHSC column, however, exhibited higher capacity by a margin of 6%. This 
reflects the ability of CFRP bars to develop higher strains at high levels of eccentric 
loading.  
 In comparison to the control specimens concentric loading, the eccentric columns lost 
an average of 28%, 49%, 73%, and 89% of their strength at eccentricity-to-diameter 
ratios of 8.2%, 16.4%, 32.8%, and 65.6%, respectively.  
 The failure of CFRP- and steel-RHSC columns at low and moderate eccentricity was 
compression controlled. The failure of CFRP-RHSC column at low eccentricity, 
however, was explosive and accompanied by crushing of the outermost CFRP bars and 
rupture of the CFRP spirals on the compression side.  
 At high and extreme eccentricity, the steel-RHSC columns failed in transition mode. 
The concrete degradation with the crushing of compression bars motivated the failure 
of the CFRP-RHSC columns. Essentially, these columns could withstand a constant 
load until bar rupture on the tension side occurred.  
 The CFRP bars developed up to 0.30% and 0.54% compressive and tensile strains, 
respectively, at peak, confirming that they were effective in resisting compressive and 
tensile stresses. The ultimate compressive strain developed in the bars was 0.42% (35% 
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of the ultimate tensile strain). Even though the ultimate tensile strain developed in bars 
was 0.64% (54% of the ultimate tensile strain) when the test stopped.  
 The axial and flexural capacity of CFRP-RHSC columns can be accurately predicted 
using the plane sectional analysis (setting the strength factors to unity). The predicted 
results ignoring the contribution of CFRP bars in compression were conservative 
relative to the experimental results. Considering the contribution of CFRP bars in 
compression, however, returned more accurate estimations. More experimental work is 
needed, however, to assess the analytical model and the contribution of CFRP bars in 
compression. 
 Based on the parametric investigation, the failure of CFRP-RHSC columns under 
eccentric loading is not triggered by bars rupturing on the tension side (tension 
controlled), provided that the minimum reinforcement ratio is not less than 1% for high-
strength concrete.
 CHAPTER 8  
Assessing Stress-Block Parameters in 
Designing Circular HSC-RC Members 
Reinforced with GFRP Bars 
(Journal Structural Engineering, ASCE, April 2017, under review) 
 
Abstract 
Several standards and guidelines allow the use of the equivalent rectangular stress block 
(ERSB) as a simple concept to accurately predict flexural strength with or without axial force. 
North American codes (ACI 318-14 and CSA A23.3-14) allow the use of the ERSB as an 
alternate approach to stress–strain relationships in predicting the strength of high-strength-
concrete reinforced with steel bars (steel-HSC-RC). The strength of high-strength-concrete 
specimens reinforced with glass-fiber-reinforced-polymer bars (HSC-GFRP-RC) could be 
predicted similarly to steel-RC specimens. This research represents an early attempt to 
investigate the applicability of several ERSBs proposed by different associations to predict the 
strength of HSC-GFRP-RC specimens subjected to combined flexural and compression loads. 
An experimental program was conducted with 25 circular concrete specimens. The test 
parameters included concrete strength, level of eccentricity, reinforcement type, GFRP-
reinforcement ratio, and confinement configuration. Extensive analyses were integrated into 
the test results to investigate the impact of each test parameter on ERSB parameters. Modified 
expressions of the ERSB given in ACI 440.1R-15 and CSA S806-12 were developed. The 
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results indicate good correlation of predicted and measured strength values with reasonable 
levels of conservatism.   
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8.1 Introduction 
Comprehensive research has been conducted on reinforced-concrete (RC) specimens with steel 
bars under combined axial compression and flexural moment to develop a safe, reliable design 
methodology. Several stress–strain models and rectangular stress blocks (RSBs) were proposed 
for analysis and design purposes. While Suenson originally initiated the RSB in 1912, 
Hognestad et al introduced it in 1955. It was then implicitly adopted and developed in codes 
and subject to further investigation. This block was defined by three parameters—k1, k2, and 
k3—and soon simplified with two parameters— 1  and 1β —as an equivalent rectangular stress 
block (ERSB), as shown in Fig. 8.1. By this time, steel-RC columns were being built with high-
strength concrete (HSC). Since the ERSB was originally derived from normal-strength-
concrete (NSC) specimens, questions were raised about its applicability in designing HSC 
specimens. This issue motivated a great number of researchers (Azizinamini et al. 1994, 
Ibrahim and MacGregor 1997, Lee and Son 2000, Ozbakkaloglu and Saatcioglu 2004, and Bae 
and Bayrak 2003 and 2013) to investigate, compare, and then propose other ERSBs. The 
findings of these studies were adopted by the committees drafting various codes and guidelines 
worldwide to provide and ensure reliable design provisions for steel-RC specimens under 
flexural moment with or without axial force. 
 
Figure 8.1– Analysis of rectangular steel-RC specimens 
Using glass-fiber-reinforced-polymer (GFRP) reinforcement in specimens built for aggressive 
environments represents an attractive alternative to steel in avoiding the inevitable corrosion 
damage. Recently, some experimental studies have been carried out to investigate the behavior 
of non-slender NSC and HSC specimens reinforced with GFRP bars under combined flexural 
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moment and axial compression (Karim et al. 2017a and Hadhood et al. 2017a, respectively). 
These studies indicated that the specimens reached their peak loads without any damage to the 
GFRP bars on either side. Hadhood et al. (2017a) reported that the maximum outermost-bar 
strain on the tension side at peak was 0.0068, while the unconfined concrete strain for all the 
specimens on the compression side ranged between -0.003 and -0.0038. Zadeh and Nanni 
(2013) recommended using a maximum of 1% for the ultimate tensile strain of GFRP bars for 
design purposes. This value was limited to avoid unacceptable large deformations resulting 
from the full tensile capacity of GFRP bars being reached at high strain levels. This limit 
should, however, be assessed experimentally.  
8.2 Research Objective 
While the flexural and axial strengths of GFRP-RC specimens could be accurately predicted 
similarly to that of steel-RC specimens, the contribution of compressive GFRP bars remains in 
question and not properly considered. One simple and reasonable justification was proposed to 
replace the contribution of GFRP bars in compression with an equivalent area of concrete. 
Establishing such a methodology for predicting the strength of GFRP-RC specimens made with 
HSC (HSC-GFRP-RC) may result in strength overestimations, potentially leading to 
inadequate design. This therefore raises questions about the applicability of the current ERSB 
in FRP codes and guidelines to HSC-GFRP-RC specimens. This paper aims to correlate the 
predictions with the experimental results yielded by several ERSBs. Viable modifications to 
ERSB parameters were proposed in ACI 440.1R (2015) and CSA S806 (2012) to provide better 
predictions with adequate levels of conservatisms. 
8.3 Review of Stress-Block Parameters 
The latest editions of guidelines related to FRP and HSC design across the world and some 
technical publications have provided a comprehensive review of the ERSB. The ERSB 
generally has an average stress of '1 cf  with a rectangle of depth 1=βa c  and a maximum 
concrete strain of 
cu , as shown in Fig. 8.1. The two parameters 1  and 1β  along with cu are 
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described by certain values/expressions specified in each reference, as discussed in the 
following section. 
8.3.1 American Concrete Institute (ACI)  
ACI codes and guides (ACI 440.1R-15, ACI 318-14, ACI 363R-10, and ACI 441R-96) allow 
the use of an ERSB to replace the more detailed approximation of the concrete stress 
distribution. The ERSB does not represent the actual stress distribution in the compression zone 
at nominal strength, but rather provides essentially the same nominal flexural and axial 
compressive strengths as obtained through testing (Mattock et al. 1961). Mattock et al. (1961) 
developed an ultimate-strength design theory based on an equivalent rectangular stress 
distribution in the concrete compression zone. Their work benefitted from earlier investigations 
conducted by Whitney (1937) and Hognestad et al. (1955). This work was soon adopted by 
ACI Committee 318. Their general assumptions made it possible to predict the ultimate 
strength of specimens subjected to combined bending and axial loading with adequate 
accuracy, even in the case of odd-shaped cross sections. The ERSB has an average stress of 
'0 .85 cf  ( 1 0 .8 5  ). Using the equivalent rectangular stress distribution specified in ACI 318-
71, with no lower limit on 1β , resulted in inconsistent designs for HSC-RC specimens 
subjected to combined axial compression and flexural moment. In 1976, a lower limit of 0.65 
was adopted for 1β  for concrete strengths greater than 55 MPa, based on the work of 
Nedderman (1973) on HSC-steel-RC columns. Since then (ACI 318-77), no changes have been 
made to the ERSB. The ERSB parameter 1β  and cu  could be expressed by: 
'
1β 0.85 0.007 ( 28)cf   , where 10 .6 5 β 0 .8 5   (8.1) 
0 .0030cu   (8.2) 
ACI 363R (2010) and ACI 441R (1996) reported conflicting experimental results about 
whether the ERSB provided by ACI 318 (1995) was accurate for HSC-RC columns with 
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relatively low eccentricity (where failure is compression controlled). The ERSB proposed by 
ACI 318 (1995) may be considered accurate for HSC specimens with high eccentricity. 
8.3.2 Canadian Standard Association (CSA) 
Canadian standards A23.3-14 (2014a), S6-14 (2014b), and S806-12 (2012) also allow the use 
of the ERSB as an alternate approach to realistic stress–strain relationships in predicting the 
strength of concrete specimens. The ERSB parameters were first introduced in the 1994 edition 
of CSA A23.3 (1994). The maximum strain at the extreme concrete compression fiber 
increased from 0.003 to 0.0035 in that CSA standard edition (1994). This value was chosen to 
better reflect the extreme concrete compressive fiber strain at flexural ultimate for a large range 
of concrete compressive strengths. Since that time, this modification was considered in all 
successive editions of Canadian standards and Canadian FRP codes; the specified strength used 
in design shall not exceed 80 MPa. This limit may, however, be waived according to the CSA 
(2014a) standard if the structural properties and detailing requirements are established for 
concretes similar to those to be used. These equations inferred that the minimum values of the 
ERSB can be reached at a concrete strength of 120 MPa. The ERSB parameters represented by 
these references could be expressed by: 
'
1 0 .8 5 0 .0 0 1 5 cf   , where 10 .67 0 .80   (8.3) 
'
1β 0.97 0.0025 cf  , where 10 .6 7 β 0 .9 0   (8.4) 
8.3.3 New Zealand Standard NZS 3101 (2006) 
NZS 3101 (2006) has not yet implemented FRP-RC member design in any publications to the 
authors’ knowledge. It rather permits the use of concretes with high-strength in steel-RC 
specimens provided that the specified compressive strength not exceed 100 MPa for elements 
with normal to high ductility. The recommended properties of the ERSB were based on the test 
results of Hognestad et al. (1955), Rüsch (1955), Park and Paulay (1975), and Li et al. (1994). 
The ERSB parameters and 
cu  in NZS 3101 (2006) could be expressed by: 
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'
1 0.85 0.004 ( 55)cf    , where 10 .75 0 .85   (8.5) 
'
1β 0.85 0.008 ( 30)cf   , where 10 .65 β 0 .85   (8.6) 
0 .0 0 3cu   (8.7) 
8.3.4 Japan Society of Civil Engineers (JSCE) 
JSCE No. 23 (1997) allows the use of the ERSB for FRP-RC specimens that experience 
flexural compression failure in order to represent the compressive-stress distribution in the 
concrete, as presented in JSCE Standard Specifications for Concrete Structures – Design 
(2007). The effect of HSC was implemented in the stress-block parameters for concretes 
ranging from 50 MPa to 80 MPa. The ERSB parameters and cu  for HSC specimens could be 
expressed by: 
'
1 1 0.003 0.85cf    , where 1 0.85  , ( '50 80cf  ) (8.8) 
1β 0 .52 80 cu   (8.9) 
'(155 ) /30000cu cf   , where 0.0035cu  , ( '50 80cf  ) (8.10) 
8.3.5 Eurocode (EC) and the International Federation for 
Structural Concrete (fib) 
CEB-fib Bulletin No. 40-2007 (fib 2007) adopted the Eurocode-2 framework (EC2 2004) to 
estimate the moment resistance of FRP-RC specimens. EC2 (2004) and MC2010 (fib 2013) 
offer three models for designing cross sections using stress–strain relationships. fib (2007) 
selected the third model for its simplicity in predicting the ultimate moment resistance of FRP-
RC sections. In this model, the ERSB has a uniform compressive stress of '1cc cf   at a 
height of 1β c . According to fib (2013), the value of '1 cf  should be reduced by 10% if the 
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width of the compression zone decreases in the direction of the extreme compression fiber. αcc 
is a nationally determined parameter (NDP) coefficient—varying from 0.85 to 1.0—that 
considers the long-term effects on compressive strength and unfavorable effects resulting from 
how the load is applied. The ERSB represented by these references for HSC specimens could 
be expressed as: 
'
1 1 0.005 ( 50)cf    , 1 1  , ( '50 90cf  ) (8.11) 
'
1β 0.8 0.0025 ( 50)cf   , 1β 0 .8 , ( '5 0 9 0cf  ) (8.12) 
'
4900.0026 0.035 ( )100
c
cu
f   , 0.0035cu  , ( '5 0 9 0cf  ) (8.13) 
8.3.6 ERSBs Selected from the Literature 
Few studies have investigated the flexural capacity of steel-RC specimens made with normal- 
or high-strength concrete. Three ERSBs were selected from the literature for assessment and 
comparison. Azizinamini et al. (1994) investigated the seismic behavior of square HSC-steel-
RC columns. A comparison with ACI 318 (1989) shows that the nominal flexural capacity 
tended to change from overestimation to underestimation when the '
cf  was increased to 
55 MPa. They suggested, however, reducing the stress intensity of the ERSB linearly from 
'0 .8 5 cf to '0 .6 0 cf , as summarized below: 
'
1 0.85 0.007 ( 69)cf    , 10.60 0.85   (8.14) 
'
1β 0.85 0.008 ( 30)cf   , 10.65 β 0.85   (8.15) 
Ibrahim and MacGregor (1997) investigated the ACI design procedure for HSC and ultra-high-
strength-concrete (UHSC) sections. The results from 90 and 94 tests of concentrically and 
eccentrically loaded columns, respectively, made with NSC, HSC, and UHSC were used in this 
investigation. This investigation led to new ERSB parameters being proposed with a limiting 
strain value of 0.003: 
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'
1 0 .85 0 .00125 cf   , 10 .7 2 5 0 .8 5   (8.16) 
'
1β 0 .9 7 0 .0 0 2 5 cf  , 10 .7 0 β 0 .8 5   (8.17) 
Bae and Bayrak (2003) presented a modification of the ACI 318 (2002) ERSB parameters to 
incorporate the early cover-spalling phenomenon. The results from 224 columns were 
employed for this purpose as well as to study the accuracy and conservativeness of the ACI 
318 (2002) stress-block parameters. The findings include limiting the maximum concrete strain 
to 0.0025 for HSC specimens and a proposed ERSB with the following parameters: 
'
1 0.85 0.004 ( 70)cf    , 10.67 0.85   (8.18) 
'
1β 0.85 0.004 ( 30)cf   , 10.67 β 0.85   (8.19) 
8.4 Experimental Database 
8.4.1 Test Matrix and Testing Procedures 
This program included the testing of 25 circular concrete specimens under concentric/eccentric 
compression loads. Significant parameters were considered to investigate the strength and 
behavior of specimens and, therefore, to estimate ERSB stress and depth. The test parameters 
were chosen to vary the level of the compression loads induced, which produced different 
failure mode mechanisms. They ideally included five levels of eccentricity: 0, 25, 50, 100, 200 
mm; two concrete strengths: 35 MPa and 70.2 MPa; two types of reinforcement (steel and 
GFRP); two GFRP reinforcement ratios (2.2% and 3.3%); and two types of confinement (spiral 
and hoops). Specimens were constructed and tested. All specimens measured 1500 mm in 
height and 305 mm in diameter, as shown in Fig. 8.2. The specimens were categorized into five 
groups. Table 8.1 provides the details of the longitudinal and transverse reinforcement. The 
Group I, II, IV, and V specimens were reinforced with spirals, while those in Group III were 
reinforced with hoops with an overlap length of 40 times the hoop diameter (according to CSA 
S806-12 splice-length requirements in tension). The GFRP longitudinal bars and hoops were 
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made of continuous E-glass fibers impregnated in a thermosetting vinyl-ester resin, additives, 
and fillers. Their surfaces were sand coated to enhance the bond performance with the 
surrounding concrete. 
 
Figure 8.2– Geometry and reinforcement details of the tested groups 
The tensile properties of the longitudinal GFRP bars and the straight portion of the bent GFRP 
bars (No. 3) were determined according to ASTM D7205 (ASTM 2011), as reported by the 
manufacturer (see Table 8.2). This table also provides the properties of the steel reinforcement. 
The specimens were cast vertically from two truckloads of ready-mixed NSC and HSC. The 
maximum aggregate size for the NSC was 20 mm, compared to 14 mm for the HSC. The slump 
for the NSC was around 150 mm and 80 mm for the HSC (before the superplasticizer addition). 
The concrete strength for each batch was determined in accordance with ASTM C39/C39M 
(ASTM 2012) by testing 150 mm × 300 mm cylinders that were cured adjacent to the member 
specimens under similar conditions. The average concrete strengths of the NSC and HSC were 
35.1 and 70.2 MPa, respectively. The specimens were tested vertically on a 6,000 kN (1,348 
kip) Forney machine located in the structural lab at the University of Sherbrooke. Pure axial 
loading was applied through flat edges, while eccentric loading was applied through knife 
edges. Each specimen was strictly aligned before testing, so that its center line coincided with 
the reference line of the axial load. For eccentric loading, predesigned rigid tubular steel end 
caps with a bolted-on roller bearing were used at the specimens’ edges to accurately adjust the 
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four designed eccentricities (25, 50, 100, and 200 mm), corresponding to eccentricity-to-
diameter ratios (e/D) of 8.2%, 16.4%, 32.8%, and 65.6%, respectively. During the test, strains 
were measured on the concrete compressive surface and the outermost bars on the compression 
and tension sides with electrical strain gauges. All gauges were fixed at specimen mid-height, 
where the maximum strains were expected. Lateral displacements were also measured at each 
quarter-height with linear potentiometers. 
Table 8.1 – Test matrix, specimen details, and test results 
Group Specimen ID 
'
cf  
 (MPa) 
Reinforcement  Confinement 
Type 
e 
(mm) 
Pexp 
(kN) 
Mexp 
(kN.m)Material Long. Transv. 
I HS0 70.2 Steel 8 15M #3 -80 mm Spirals --- 5,102 --- 
HS1 70.2 Steel 8 15M #3 -80 mm Spirals 25 3,791 109 
HS2 70.2 Steel 8 15M #3 -80 mm Spirals 50 2,806 156 
HS3 70.2 Steel 8 15M #3 -80 mm Spirals 100 1,478 160 
HS4 70.2 Steel 8 15M #3 -80 mm Spirals 200 574 121 
II HG0 70.2 GFRP 8 #5 #3-80 mm Spirals --- 4,709 --- 
HG1 70.2 GFRP 8 #5 #3-80 mm Spirals 25 3,309 94 
HG2 70.2 GFRP 8 #5 #3-80 mm Spirals 50 2,380 130 
HG3 70.2 GFRP 8 #5 #3-80 mm Spirals 100 1,112 121 
HG4 70.2 GFRP 8 #5 #3-80 mm Spirals 200 497 106 
III HHG0 70.2 GFRP 8 #5 #3-80 mm Hoops --- 4,689 --- 
HHG1 70.2 GFRP 8 #5 #3-80 mm Hoops 25 3,299 94 
HHG2 70.2 GFRP 8 #5 #3-80 mm Hoops 50 2,435 134 
HHG3 70.2 GFRP 8 #5 #3-80 mm Hoops 100 1,054 114 
HHG4 70.2 GFRP 8 #5 #3-80 mm Hoops 200 438 93 
IV HLG0 70.2 GFRP 12 #5 #3-80 mm Spirals --- 4,716 --- 
HLG1 70.2 GFRP 12 #5 #3-80 mm Spirals 25 3,380 97 
HLG2 70.2 GFRP 12 #5 #3-80 mm Spirals 50 2,339 128 
HLG3 70.2 GFRP 12 #5 #3-80 mm Spirals 100 1,135 122 
HLG4 70.2 GFRP 12 #5 #3-80 mm Spirals 200 513 108 
V NG0 35 GFRP 8 #5 #3-80 mm Spirals --- 2,608 --- 
NG1 35 GFRP 8 #5 #3-80 mm Spirals 25 2,134 63 
NG2 35 GFRP 8 #5 #3-80 mm Spirals 50 1,512 84 
NG3 35 GFRP 8 #5 #3-80 mm Spirals 100 745 81 
NG4 35 GFRP 8 #5 #3-80 mm Spirals 200 354 75 
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Table 8.2 – Mechanical properties of the glass-FRP and steel bars 
Material Size Diameter, mm 
Area, 
 mm2  
Tensile  
Young’s 
Modulus, MPa
Ultimate 
Tensile  
Strength, MP
a 
Ultimate 
Tensile 
Strain, % 
Glass-FRP #3 9.5 71 52,500 1,328 2.50 #5 15.9 200 54,900 1,289 2.30 
Steel #3 9.5 71 200,000 460
a 0.23a 
15M 16 200 200,000 450a 0.22a 
a Yield tensile stress/strain 
8.4.2 Summary of Test Results 
Figure 8.3 shows the general behavior of the test specimens at different levels of eccentricity 
through plotting the relationship between the compression axial load (P) and the lateral 
displacement (δ) at mid-height. All of the HSC specimens initially exhibited similar responses 
at the same eccentricity until crack initiation on either side. The NSC specimens (Group V) 
exhibited higher deformations, as expected, at similar levels of compression load. While the 
HSC-steel-RC specimens achieved higher strength than their GFRP counterparts, they 
experienced significant decay after the peak in comparison to their GFRP counterparts, 
especially at high levels of eccentricity:100 mm and 200 mm, as shown in Figs. 8.3c and 8.3d. 
The test observations and data results reveal that the GFRP-RC specimens made with either 
NSC or HSC reached maximum strength without any GFRP damage. The eccentric 
compression strengths (Pexp) obtained from the test specimens along with the lateral-
deformation results were used to calculate the maximum flexural moments (Mexp), as reported 
in Table 8.1. The strains of the longitudinal bars at mid-height of each specimen were recorded 
as well. In the following section, these data constitute the main basis for the analysis to 
determine the influence of the test parameters on specimen strengths and ERSB parameters. 
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Figure 8.3– General behavior of test specimens at different levels of eccentricity 
8.5 Analytical Estimation of ERSB Parameters 
8.5.1 Theoretical Prediction 
In this study, the compressive GFRP bars were simply replaced with concrete, as shown 
schematically in Fig. 8.4.  
 
Figure 8.4– Analysis of the GFRP-RC circular sections 
Besides simplifying the calculations, this design takes the middle ground of all the possible 
hypotheses. The ultimate eccentric force (Pu) and flexural moment (Mu) at any level of 
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eccentricity could be calculated by applying the equilibrium of forces resulting from the 
concrete and tensile GFRP bars as follows: 
0
n
u c FP C T   (8.20) 
0
n
u c c F FM C y T y   (8.21) 
The total concrete force Cc could be calculated using the ERSB and disregarding the effects 
of tension in the concrete, as shown in Fig. 8.4. By taking a strip, as shown in Fig. 8.5, with a 
variable width 2x and thickness dy located at a distance y from the geometrical center line, 
the force in the concrete will be: 
/2
'
1
/2
2
D
c c
D
C f x dy

   (8.22) 
 
Figure 8.5– Concrete segment 
The variable width 2x and the vertical distance y could be replaced with the column diameter 
(D) and the angle (θ), where: 
/ 2 * sinx D   (8.23) 
/ 2 * cosy D   (8.24) 
By differentiating Eqn. 8.24 with respect to θ and substituting in Eqn. 8.22: 
' 2 2
1 / 2 sin
o
zero
c cC f D d

      (8.25) 
8.5 Analytical Estimation of ERSB Parameters 215
 
  
By means of integration, substituting with limits and adding some simplifications, Eqns. 8.20 
and 8.21 could be written as: 
' 2
1
0
/ 4 ( sin cos )
n
u c o o o F F FtP f D E A        (8.26) 
' 2
1
0
/ 4 ( sin cos )
n
u c o o o c F F Ft FM f D y E A y        (8.27) 
The contribution of the concrete (force in concrete block Cc) at the tested levels of eccentricity 
could be determined if Pu and Mu in Eqns. (9) and (10) are replaced with Pexp and Mexp, 
respectively, and the strain-gradient profiles from the test results are used. Accordingly, the 
ERSB parameters 1  and 1β  could be mathematically calculated by setting convergence 
criteria. Figure 8.6 shows the relationship between the calculated product 1 1β and e/D for all 
of the GFRP specimens. The results shown in this figure reveal that the mean value of 1 1β  
for the NSC-GFRP-RC specimens was higher than that of the HSC-GFRP-RC specimens. The 
results of this part are discussed in detail in the following section to bring out the influence of 
each parameter individually. 
  
216 Chapter 8: Assessing Stress-Block Parameters of HSC GFRP-RC Columns
 
 
Figure 8.6– ERSB parameter product α1β1 at different levels of eccentricity for the 
eccentrically loaded GFRP-RC specimens 
8.5.2 Influence of the Test Parameters  
8.5.2.1 Concrete Strength (NSC vs. HSC) 
In this section, the results of Group II are compared that of Group V. As expected, the HSC 
specimens achieved higher peak loads than their NSC counterparts. This increase was much 
more pronounced at pure axial loading, under which uniform compressive stresses covered the 
whole section. Increasing the 'cf  resulted in corresponding variable increases in specimen 
strength (∆P), depending on the applied eccentricity. Increasing the 'cf  from 35 MPa to 
70.2 MPa resulted in ∆P of 81%, 55%, 57%, 49%, and 40% at e/D of 0%, 8.2%, 16.4%, 32.8% 
and 65.6%, respectively. The failure-mode mechanisms of the HSC-GFRP-RC specimens were 
similar to that of their NSC counterparts at similar levels of eccentricity. The HSC specimens 
in Group II, however, had their cover concrete spall in more brittle manner than their NSC 
counterparts, which occurred a short time before the peak was reached. This observation was, 
however, distinctly for the specimens tested under pure axial loading and with very low 
eccentric loading: e = 25 mm. For higher levels of eccentricity, the concrete-cover spalling 
could be described as occurring slowly and softly. It should be noted that the strain readings 
for the GFRP bars on the tension sides increased as the 'cf increased at similar levels of 
eccentricity. Increasing the 'cf  caused a decrease in the compressive-block volume and an 
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accordingly lower neutral-axis depth (c). For example, the tensile strains of the outermost 
GFRP bars, at peak, were 0.0068 and 0.0056 for HG4 and NG4, respectively. The maximum 
concrete strength was always achieved with the tested GFRP-RC specimens regardless of the 
'
cf  used, when the ultimate strain of the GFRP bars was high (εft,u = 0.023). The nominal forces 
were always achieved, therefore, due to reaching the maximum concrete strength (fc,max). Past 
studies (Hognestad 1952, Mattock et al. 1961, Kaar et al. 1978, Collins et al. 1993) showed 
that fc,max achieved in columns was less than the 'cf  and would be expressed by k3 'cf , as 
described in Figs. 8.1 and 8.4. One suggestion for k3 that has been frequently used is the sum 
of 0.60 and the quotient of 10 over the 'cf , with a maximum value of 0.85 (Collins et al. 1993). 
In this regard, Fig. 8.7 shows that the NSC specimens achieved higher normalized axial loads 
(Pn*) than the HSC specimens at all eccentricity levels. Pn* could be calculated as: 
* '
exp /n g cP P A f  (8.28) 
where Ag is the gross sectional area.  
 
Figure 8.7– Influence of concrete strength on normalized axial strength at different levels of 
eccentricity 
Figure 8.6 shows the influence of the 'cf on the product of ERSB parameters 1 1β at different 
levels of eccentricity for all the GFRP-RC specimens. The mean values for 1 1β  are 0.61 and 
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0.78 for Groups II and V, respectively. This trend was also observed with k1k3 values with the 
steel-RC columns and plain-concrete (PC) cylinders in numerous past studies (Rüsch 1955, 
Nedderman 1973, Kaar et al. 1978, Swartz et al. 1985, Ibrahim and MacGregor 1996 and 1997). 
The ERSB parameters given by the references under consideration were, therefore, expressed 
as a function of concrete strength. Only the ACI codes set a constant value of 0.85 for 1  and 
allow the influence of concrete strength to take place in the expression of 1β . This concept has, 
so far been accepted for and applicable to HSC-steel-RC specimens. Validating the ERSB 
parameters in the references used is believed to be of paramount importance in determining 
applicability for HSC-GFRP-RC specimens with combined flexural moment and compressive 
forces. 
8.5.2.2 Confinement Configuration (discrete hoops vs. spirals) 
Hoop reinforcement may be preferable to continuous spiral reinforcement due to ease of 
construction and independent behavior. Steel-RC specimens confined with spirals have, 
however, slightly higher axial capacity than their counterparts confined with hoops (around 5% 
more). In the current experiment, the five specimens confined with GFRP discrete hoops were 
tested and compared to those confined with GFRP spirals to evaluate the influence of 
confinement type on specimen strength and ERSB parameters. The test results and observations 
reveal that the circular GFRP hoops achieved satisfactory performance as confinement 
reinforcement for the HSC-GFRP-RC specimens just like the GFRP spirals. The strains 
measured for the GFRP spirals and GFRP hoops at maximum concrete stress were reasonably 
close in almost all the comparable specimens, as were their peak loads, as shown in Table 8.1. 
As GFRP spirals have a low modulus, they do not considerably contribute to peak loads. 
Figure 8.8 shows a side view of the HSC-GFRP-RC specimens confined with hoops at the end 
of the test.  
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Figure 8.8– Side view of HSC-GFRP-RC specimens confined with GFRP hoops at different 
levels of eccentricity at the end of the test 
More details about failure-mode mechanisms of the HSC-GFRP-RC specimens confined with 
GFRP spirals can be found in other publications (Hadhood et al. 2017a). The analysis of these 
specimens revealed that confinement configuration had a negligible impact on the ERSB 
parameters 1  and 1β . The mean values of 1 1β  were 0.61 and 0.60 for Groups II and III, 
respectively. 
8.5.2.3 Reinforcement Type (GFRP vs. Steel) 
The influence of such an important parameter was investigated by comparing the results of the 
specimens in Groups I and II. The HSC-steel-RC specimens in Group I achieved higher peak 
loads than their GFRP counterparts in Group II (HSC-GFRP-RC) at all eccentricity levels, as 
given in Table 8.1. The ratio of their peak loads was 1.08, 1.14, 1.18, 1.33, and 1.15 at e/D of 
0%, 8.2%, 16.4%, 32.8%, and 65.6%, respectively. The strength of steel-RC specimens is 
known to be based on the contribution of concrete as well as the compressive and tensile steel 
bars. GFRP-RC specimens are presumed to derive their compressive strength from the concrete 
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and tensile GFRP bars, while replacing the compressive GFRP bars by concrete or in other 
hypotheses may be completely ignored. Figure 8.3 shows that both groups behaved similarly 
almost to their peak loads. After peak, the strength decay was remarkably much higher for the 
HSC-steel-RC specimens than their GFRP counterparts. Although the failure of both groups at 
low levels of eccentricity—25 mm and 50 mm—was associated with concrete crushing, the 
influence of the reinforcement type was clearly evident. The strains in the compressive steel 
bars exceeded the yield strain and had negligible post-peak stiffness. A short time later, the 
tensile steel bars yielded, too. Since GFRP is elastic by nature and does not yield, it could 
develop higher strains/stresses on the compression and tension sides capable of substituting for 
the cracked degraded concrete. Accordingly, the HSC-GFRP-RC specimens showed less 
degradation in the concrete core and experienced less stress decay than their steel counterparts. 
At high levels of eccentricity—e =100 mm and 200 mm—the failure of the steel specimens in 
Group I (HS3 and HS4) was controlled by yielding of the outermost steel bars and concrete 
crushing, which could be characterized as transition and tension failure for HS3 and HS4, 
respectively, according to the ACI 318 (2014) failure description. The GFRP specimens in 
Group II (HG3 and HG4) maintained constant loads slightly lower than the peak load for some 
time, while the strains in the compressive/tensile GFRP bars progressively increased, as did 
the lateral deformations, as shown in Figs. 8.3c and 8.3d. At these levels of eccentricity, the 
GFRP bars developed high strains/forces capable of sustaining the section at constant loads 
slightly lower than peak, while the concrete core gradually degraded. The failure of these GFRP 
specimens could be described as initially flexural–tensile, resulting from large lateral 
deformations and cracks on the tension side until a secondary compression failure occurred due 
to the strain limitations in the concrete and degradation of the concrete compressive block. 
8.5.2.4 GFRP Longitudinal-Reinforcement Ratio (ρf) 
The specimens in Groups II and IV were compared to investigate the influence of this 
parameter. Group II was longitudinally reinforced with 8 #5 bars (2.2%), whereas Group IV 
had greater reinforcement: 12 #5 bars (3.3%). An experimental study conducted by Afifi et al. 
(2013a) on circular NSC-GFRP-RC specimens tested under pure axial loading reported that 
increasing ρf from 2.2% to 3.3% resulted in a slight increase in the peak load (2.7%). In this 
study, increasing this ratio from 2.2% to 3.3% slightly increased specimen peak loads (0% to 
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3%, depending on the eccentricity applied), as shown in Table 8.1. The calculated values of 
1 1β  for both groups were, therefore, approximately equal. The mean values were 0.61 and 
0.61 for Groups II and IV, respectively. As a matter of fact, compressive GFRP bars have a 
low modulus compared to steel, so they don’t really contribute to axial compression forces at 
low strain levels. They rather produce significant stresses at high strain levels, as previously 
discussed. The influence of GFRP longitudinal reinforcement was more pronounced in the 
post-peak behavior. Group IV exhibited better post-peak behavior, including lower stress decay 
than Group II, as shown in Fig. 8.3. A second peak was distinctly apparent for HLG4, which 
had more reinforcement. It was so far inferred that ERSB parameters were not really affected 
by the ratio of the GFRP reinforcement used in this study. 
8.6 Strength Analysis of the GFRP-RC Specimens  
The axial force–moment strength was calculated for the various ERSBs proposed in different 
standards and technical reports: ACI 440.1R-15, CSA S806-12, JSCE (1997), fib (2007), and 
NZS 3101 (2006) as well as for other ERSBs recommended in specific studies for HSC: 
Ibrahim and MacGregor (1997), Azizinamini et al. (1994), and Bay and Bayrak (2003). The 
strengths of the GFRP-RC specimens were estimated with the strain-compatibility and force-
equilibrium base model, as shown in Fig. 8.4. The model also includes the assumption of 
replacing compressive GFRP bars with concrete. The area of the compressive GFRP bars was, 
therefore, replaced with an equal area of concrete. It is worth noting that this hypothesis should 
be validated with higher concrete strengths in excess of 90 MPa, for which a significant 
difference between the Young’s modulus of the concrete and compressive GFPR bars might 
be expected. The accuracy and conservativeness of the referred blocks were assessed by 
comparing their estimations to the test results. It should be pointed out that the resistance 
factors applied to the concrete and/or GFRP bars as well as those applied to a member were 
taken as equal to unity. Figures 8.9 through 8.12 present comparisons for the predicted and 
experimental normalized strength for Groups II, III, IV, and V. This comparison indicates that 
the levels of conservatism of the predicted strengths decreased dramatically as the concrete 
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strength increased from 35 MPa to 70.2 MPa, raising questions about the ERSB parameters 
used.  
 
Figure 8.9– Predicted versus experimental normalized axial force for Group V 
8.6.1 Corroboration with Experimental Results  
8.6.1.1 NSC-GFRP-RC Specimens 
In the case of the NSC-GFRP-RC specimens, the experimental-to-predicted normalized axial-
strength ratios (Pn*exp /Pn*pred) using the ERSBs from the selected references were greater than 
1.0, as shown in Fig. 8.9, indicating that the predicted axial and flexural strengths were 
adequately estimated with levels of conservatism ranging from 19% to 33%. The experimental 
and the predicted normalized axial strength can be calculated as follows: 
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Figure 8.9 shows that the ERSB proposed by the ACI 440.1R (2015), JSCE (1997), NZS 
(2006), Azizinamini et al. (1994), and Bay and Bayrak (2004) yielded similar predictions of 
the actual axial/flexural strengths. Since the mean value alone cannot be relied upon to gauge 
the accuracy of a method, the coefficient of variation (COV) is also presented. The mean ratios 
of Pn*exp /Pn*pred were 1.21, 1.19, 1.21, 1.21, and 1.20, respectively. The corresponding COVs 
for these references were 3.1%, 3.7%, 3.2%, 3.2%, and 3.3%, respectively. Likewise, using the 
ERSB proposed by either the CSA S806 (2012) or in Ibrahim and MacGregor (1997) resulted 
in similar Pn*exp /Pn*pred. The mean ratios for these references were 1.24 with a COV of 6.3% 
and 1.25 with a COV of 4.2%, respectively. The ERSB proposed by the CEB (fib 2007) 
significantly underestimated the actual axial and flexural strengths, where the mean Pn*exp 
/Pn*pred was 1.33 with a COV of 4.9%. The underestimation may be attributed to the reasonable 
reduction of the equivalent uniform stress of the stress block ( '1cc cf  ). Eurocode 2 (EC2 
2004) uses a nationally determined parameter (
cc ) coefficient that considers the long-term 
effects on the compressive strength and unfavorable effects resulting from how the load is 
applied. This coefficient varies between 0.85 and 1.0. The stress should also be reduced by 
10% if the width of the compression zone decreases in the direction of the extreme compression 
fiber. In this study, 
cc  was conservatively taken as 0.85 and the stress was reduced by 10% 
because circular sections were used. Generally, the mean Pn*exp /Pn*pred with the ERSBs from 
all of the selected references, excluding the CEB (2007) results, was 1.22. It could also 
implicitly ensure a reasonable level of conservatism of 19%, at least when predicting 
axial/flexural strengths for NSC-GFRP-RC specimens. 
8.6.1.2 HSC-GFRP-RC Specimens 
The strengths predicted for the HSC-GFRP-RC specimens reveal that the levels of 
conservatism were significantly lower than critical limits, indicating the need to review the 
stress-block parameters with such specimens. Figure 8.10 presents comparisons for the 
predicted and experimental normalized strengths for Group II. This figure shows that using the 
ERSBs proposed by the ACI 440.1R (2015), Azizinamini et al. (1994), and Bay and Bayrak 
(2003) in predicting the axial/flexural strength of the HSC-GFRP-RC specimens presented the 
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lowest levels of conservatism with the largest coefficient of variations among all the references 
investigated.  
 
Figure 8.10– Predicted versus experimental normalized axial force for Group II 
The Pn*exp /Pn*pred for these references were almost equal. The mean Pn*exp /Pn*pred using these 
references were 1.06, 1.06, and 1.07, respectively. The corresponding COVs were 11.6%, 
11.5%, and 13.0%, respectively. The reason for this similarity is that these references used 
similar expressions to calculate the ERSB parameters. At a concrete strength of 70 MPa, the 
expressions used for 1 were all the same and 1  was calculated with similar expressions. It 
should be noted that the actual axial/flexural strengths were overestimated at some points, as 
shown in Fig. 8.10. The ERSB proposed by the JSCE (1997) presented slightly higher 
estimations, followed by higher estimations by the CSA S806 (2012), Ibrahim and MacGregor 
(1997), and the NZS (2006). The mean Pn*exp /Pn*pred using these references were 1.10, 1.12, 
1.12, and 1.13, respectively. The corresponding COVs were 8.5%, 6.4%, 7.1%, and 10.5%, 
respectively. The ERSB proposed by the CEB (fib 2007) presented the highest levels of 
conservatism. The mean Pn*exp /Pn*pred was 1.29 with a COV of 7.3%. It should be pointed out 
that the CEB (fib 2007) presented a smooth transition from 35 MPa to 70.2 MPa in predicting 
axial/flexural strengths, while keeping similar levels of conservatism through the expressions 
proposed for the stress-block parameters and ultimate concrete strain. 
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Figure 8.11 presents comparisons of the predicted and experimental normalized strengths for 
Group III. Changing the confinement configuration from spirals to hoops decreased all the 
Pn*exp /Pn*pred by 3% to 4% of the values in Group II. This result was expected because the 
experimental strengths for Group II were mostly higher than those for Group III.  
 
Figure 8.11– Predicted versus experimental normalized axial force for Group III 
The predicted strengths were the same for these groups. The ERSB proposed by the ACI 
440.1R (2015), Azizinamini et al. (1994), and Bay and Bayrak (2003) presented the lowest 
levels of conservatism among all the references investigated. The Pn*exp /Pn*pred were almost 
equal for these references. The mean Pn*exp /Pn*pred using these references were 1.02, 1.03, and 
1.03, respectively. The corresponding COVs were 6.6%, 6.6%, and 7.7%, respectively. These 
references overestimated the actual axial/flexural strength at some points, as shown in Fig. 
8.11. The mean Pn*exp /Pn*pred were 1.07, 1.09, 1.09, and 1.09 for the ERSB proposed by the 
JSCE (1997), CAN S806 (2012), Ibrahim and MacGregor (1997), and NZS (2006), 
respectively. The corresponding COVs were 5.8%, 8.4%, 6.4%, and 6.0%, respectively. The 
ERSB proposed by the CEB (fib 2007) presented the highest levels of conservatism; the mean 
Pn*exp /Pn*pred was 1.25 with a COV of 6.1%. 
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Figure 8.12 presents comparisons of the predicted and experimental normalized strengths for 
Group IV, in which the longitudinal reinforcement ratio (ρf) was increased to 3.3%. The results 
of the Pn*exp /Pn*pred in this group were almost similar to those in Group III. The ERSB 
proposed by ACI 440.1R (2015), Azizinamini et al. (1994), and Bay and Bayrak (2003) 
presented the lowest levels of conservatism among all the references investigated.  
 
Figure 8.12– Predicted versus experimental normalized axial force for Group IV 
The Pn*exp /Pn*pred were almost equal for these references. The mean Pn*exp /Pn*pred using these 
references were 1.02, 1.03, and 1.03, respectively. The corresponding COVs were 7.4%, 7.3%, 
and 8.2%, respectively. These references overestimated the actual axial/flexural strength at 
some points, as shown in Fig. 8.12. The mean Pn*exp /Pn*pred were 1.07, 1.09, 1.09, and 1.09, 
for the ERSB proposed by the JSCE (1997), CSA S806 (2012), Ibrahim and MacGregor (1997), 
and NZS (2006), respectively. The corresponding COVs were 6.5%, 8.7%, 7.1%, and 6.8%, 
respectively. Finally, the ERSB proposed by the CEB (fib 2007) presented the highest levels 
of conservatism; the mean Pn*exp /Pn*pred was 1.25 with a COV of 6.8%. 
8.7 Modified ERSB Parameters 
In order to propose ERSB parameters capable of predicting the axial compressive and flexural 
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first stage, a strain compatibility/equilibrium model was developed to predict the P–M 
interaction diagram of the tested HSC-GFRP-RC specimens by adopting a layer-by-layer 
approach to integrate the stresses over the cross-sectional areas of the concrete and tensile 
GFRP bars. The model adopted the nonlinear concrete stress–strain model proposed by 
Popovics (1973). A linear stress–strain curve was used for the tensile GFRP bars. This model 
considered force equilibrium, strain compatibility, and the concept of replacing compressive 
GFRP bars with concrete.  
In the second stage, the predicted axial compressive and flexure strengths, along with the 
predicted strain-gradient profiles from the first-stage model were utilized to calculate the ERSB 
parameters 1 and 1β  using Eqns. 9 and 10. In the last stage, the calculated values for 1  and 
1β  were then analyzed with sophisticated regression analysis to generate a single pair of 1  
and 1β  values capable of predicting the axial compressive and flexural strength of all the tested 
HSC specimens. The main target of this analysis was to achieve a minimum level of 
conservatism of 15% with reasonable COVs.  
In order to facilitate any future implementations of the current work in the new editions of 
ACI 440.1R and CSA S806, simple modifications to the current ACI 440.1R (2015) and CSA 
S806 (2012) expressions, respectively, were made. The proposed expressions are compatible 
with the current provisions of each code. For the modified ACI expression, only one change 
was made. The parameter 1  has to be calculated based on the proposed expression instead of 
taking a constant value of 0.85. 1β  and the maximum concrete strain (0.003) remain the same 
as provided in the code in order to simplify the changes, while maintaining the same targeted 
level of conservatism. For the modified CSA expression, changes were made to both ERSB 
parameters, while keeping the maximum concrete strain (0.0035) as provided in the code. The 
following expressions are proposed. 
For the modified ACI expression: 
'
1 0.85 0.02 ( 28) / 7cf    , where 10.85 0.65   (8.31) 
'
1β 0.85 0.05 ( 28) / 7cf   , where 10.85 β 0.65   (8.32) 
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For the modified CSA expression: 
'
1 0.85 0.002 cf   , where 10.67 0.80   (8.33) 
'
1β 0.97 0.0035 cf  , where 10.67 β 0.90   (8.34) 
The proposed expressions have also been shown to produce equally good estimates of column 
strengths with normal-strength concrete. Figure 8.13 presents comparisons of the predicted and 
experimental normalized strengths for all of the GFRP-RC groups. The mean Pn*exp /Pn*pred 
for Group V (NSC-GFRP-RC specimens) were 1.24 with a COV of 3.1% and 1.27 with a COV 
of 5.7% for the modified ACI and modified CSA expressions, respectively, as shown in Fig. 
8.13a. For the HSC-GFRP-RC specimens in Group II, the mean Pn*exp /Pn*pred were 1.21 with 
a COV of 9.4% and 1.19 with a COV of 6.4% for the modified ACI and modified CSA 
expressions, respectively, as shown in Fig. 8.13b. The mean Pn*exp /Pn*pred for Group III were 
1.17 with a COV of 5.7% and 1.16 with a COV of 7.4% for the modified ACI and modified 
CSA expressions, respectively, as shown in Fig. 8.13c. Lastly, the mean Pn*exp /Pn*pred for 
Group IV were 1.18 with a COV of 6.3% and 1.16 with a COV of 7.5% for the modified ACI 
and modified CSA expressions, respectively, as shown in Fig. 8.13d. 
 
Figure 8.13– Predicted versus experimental normalized axial force for all GFRP-RC groups: 
(a) Group V, (b) Group II, (c) Group III, (d) Group IV 
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8.8 Summary and Conclusions 
The ERSB parameters for circular HSC-GFRP-RC members were assessed experimentally and 
theoretically. This assessment contributed to gaining a better understanding of the impact of 
various parameters on predicting the flexural and axial compression strength of these 
specimens. The stress blocks in codes and some selected publications were used for strength 
predictions and then correlated with experimental results. Modifications to the ERSB 
expressions in ACI and CSA publications were proposed for more accurate predictions. Based 
on the analysis presented herein as well as the test observations and data results, the following 
conclusions can be drawn: 
 Concrete strength had a considerable impact on the estimated ERSB parameters of the 
tested specimens. Confinement configuration with either GFRP hoops or spirals as well 
as the reinforcement ratio (2.2 % to 3.3%) had negligible impact. 
 The strength predictions using the ACI 440.1R (2015) ERSB were the closest to the 
experimental results but non-conservative (especially at high compressive stresses), 
while the CEB ERSB (fib 2007) offered the most conservative predictions among all 
the references considered. For instance, the Pn*exp /Pn*pred for Group II ranged from 
0.95 to 1.25 and from 1.21 to 1.41 using the ACI-ERSB and CEB-ERSB, respectively. 
 The proposed modified ACI and modified CSA expressions did not yield better strength 
predictions with maintained levels of conservatism in the case of the circular HSC-
GFRP-RC specimens and the NSC specimens. 
 For the modification proposed to the ACI 440.1R-15 expression, the parameters 1  and 
1β  are equal to 0.85 for concrete strengths 'cf  up to 28 MPa. 1  must be reduced 
continuously at a rate of 0.02 for each 7 MPa of strength in excess of 28 MPa. 1β  must 
be reduced continuously at a rate of 0.05 for each 7 MPa of strength in excess of 
28 MPa. Neither 1  nor 1β  must be taken as less than 0.65. The maximum concrete 
strain is 0.003, as proposed by the ACI 440.1R-15 (2015). It could also be expressed 
as: 
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'
1 10.85 0.02 ( 28) / 7, 0.85 0.65cf      , ( 'cf  in MPa) 
'
1 1β 0.85 0.05 ( 28) / 7, 0.85 β 0.65cf     , ( 'cf  in MPa) 
 For the modification proposed to the CSA expression (S806 2012), α1 must be reduced 
continuously at a rate of 0.02 for each 10 MPa of strength, but must not be taken as less 
than 0.65. 1β  must be reduced continuously at a rate of 0.035 for each 10 MPa of 
strength, but must not be taken less as than 0.65. The maximum concrete strain is 
0.0035, as proposed by the CSA (S806 2012). It could also be expressed as: 
'
1 10.85 0.002 , 0.67 0.80cf      ( 'cf in MPa) 
'
1 1β 0.97 0.0035 ,0.67 β 0.90cf     ( 'cf in MPa) 
 
 CHAPTER 9  
Analytical Modelling of FRP-RC Members 
Towards Flexural Stiffness Design 
9.1 Introduction 
The axial and flexural capacity and moment-curvature responses for FRP-RC members could 
be determined based on strain compatibility, internal forces equilibrium, and material 
constitutive relationships. Besides, theoretical moment-curvature analysis for RC structural 
elements, indicating the available flexural strength and ductility, can be constructed providing 
the stress-strain relations for the concrete and FRP rebar are known. Several expressions to 
determine the stress-strain relations were proposed for unconfined and confined concrete since 
the past decade (Hognestad 1951; Kent and Park 1971; Popovics 1973; Mander et al. 1988a; 
Li et al. 2000). Plain concrete cylinders and steel-RC full-scale columns were used to construct 
expressions for unconfined and confined concrete. These expressions may be used with FRP-
RC members under examination and discussions. 
Since FRPs are elastic by nature and do not yield, they behave linearly elastic up to failure. 
Integrating these bars in concrete structures requires a comprehensive model with proper 
assumptions to predict the moment-curvature response for FRP-RC members. The effect of 
axial force and lateral deflection for eccentrically-loaded members must be considered in the 
analytical model, known as the second-order effect.  
On the other hand, the analysis and design of RC structures pertains to the relative stiffness 
(Columns-to-beams) of their members, as well as the assumed stiffness values between 
columns and beams (EIcol and EIg). Investigations by various researchers on steel-RC columns 
show dependence of flexural stiffness on the level of axial load P/Po (Mehanny et al. 2001), 
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the eccentricity ratio e/H (Lloyd and Rangan 1996; Mirza 1990), as well as on the 
reinforcement ratio ρg, and the concrete compressive strength (Khuntia and Ghosh 2004). ACI 
318 (2014) among several codes proposed different expressions to determine the stiffness of 
any member. These expressions were derived based on experimental results through 
developing moment-curvature relationships. This chapter has several objectives to achieve: 
1. Developing analytically complete moment-curvature relationships of FRP-RC 
specimens using proper stress-strain models for concrete and FRP rebar. 
2. Evaluating the analytical results against the experimental moment-curvature 
relationships. 
3. Estimating the secant stiffness of the tested specimens through the results of the 
analytical model and the experimental results. 
4. Review the flexure stiffness of steel-RC members in the ACI 318 (2014) and the 
available investigations for FRP-RC members in research studies. 
5. Evaluating the stiffness results of the available approaches against the experimental 
results. 
6. Proposing simple and accurate expressions to determine the stiffness of FRP-RC 
member at service and ultimate load levels. 
9.2 Experimental Database 
9.2.1 Test Matrix and Testing Procedures 
An experimental program was undertaken to develop moment-curvature relationships for the 
FRP-RC members. This program included the testing of 25 circular FRP-RC concrete 
specimens under concentric/eccentric compression loads. The testing variables included 
primary and minor parameters. The primary parameters were the eccentricity ratio e/D (ranging 
from 0.00 to 0.65); the axial load ratio Pu /Po (ranging from 0.07 to 0.45); reinforcement type 
(CFRP and GFRP); and reinforcement ratio ρg (2.2% and 3.3%). The minor parameters 
included the confinement type (spirals and hoops) and ratio (0.95% and 1.72%). All specimens 
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measured 1500 mm in height and 305 mm in diameter. The specimens were categorized into 
five groups. Table 9.1 provides some details about the test matrix and test results. The average 
concrete strength was 35.1 MPa. The mechanical properties of the GFRP and CFRP bars (the 
straight portions) are summarized in Table 9.2. More details about specimens’ fabrication and 
testing procedure can be found in Chapters 3 and 4.  
Table 9.1 – Test matrix, specimen details, and test results 
Series Specimen code 
Reinforcement  Confinement 
Type 
e 
(mm)
 
e/D 
Pexp 
(kN) 
Mexp 
(kN.m) 
ψexp 
(Rad/m)FRP type Long. Transv. 
I G1 Glass 8 #5 #3 -80 mm Spirals — — 2,608 — — 
G2 Glass 8 #5 #3 -80 mm Spirals 25 0.08 2,134 63 0.016 
G3 Glass 8 #5 #3 -80 mm Spirals 50 0.16 1,513 84 0.018 
G4 Glass 8 #5 #3 -80 mm Spirals 100 0.33 745 81 0.030 
G5 Glass 8 #5 #3 -80 mm Spirals 200 0.66 354 75 0.036 
II V6 Glass 8 #5 #4-80 mm Spirals — — 2,652 — — 
V7 Glass 8 #5 #4-80 mm Spirals 25 0.08 2,086 60 0.012 
V8 Glass 8 #5 #4-80 mm Spirals 50 0.16 1,483 82 0.020 
V9 Glass 8 #5 #4-80 mm Spirals 100 0.33 747 81 0.030 
V10 Glass 8 #5 #4-80 mm Spirals 200 0.66 355 76 0.047 
III H11 Glass 8 #5 #3-80 mm Hoops — — 2,564 — — 
H12 Glass 8 #5 #3-80 mm Hoops 25 0.08 2,060 60 0.017 
H13 Glass 8 #5 #3-80 mm Hoops 50 0.16 1,511 85 0.025 
H14 Glass 8 #5 #3-80 mm Hoops 100 0.33 776 85 0.038 
H15 Glass 8 #5 #3-80 mm Hoops 200 0.66 366 78 0.046 
IV L16 Glass 12 #5 #3-80 mm Spirals — — 2,670 — — 
L17 Glass 12 #5 #3-80 mm Spirals 25 0.08 2,123 63 0.016 
L18 Glass 12 #5 #3-80 mm Spirals 50 0.16 1,527 85 0.017 
L19 Glass 12 #5 #3-80 mm Spirals 100 0.33 852 93 0.031 
L20 Glass 12 #5 #3-80 mm Spirals 200 0.66 378 80 0.034 
V C21 Carbon 8 #5 #3-80 mm Spirals — — 3,090 — — 
C22 Carbon 8 #5 #3-80 mm Spirals 25 0.08 2,342 68 0.011 
C23 Carbon 8 #5 #3-80 mm Spirals 50 0.16 1,746 97 0.018 
C24 Carbon 8 #5 #3-80 mm Spirals 100 0.33 995 108 0.027 
C25 Carbon 8 #5 #3-80 mm Spirals 200 0.66 529 112 0.046 
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Table 9.2 – Mechanical properties of the glass- and carbon-FRP bars 
Material Size Diameter, mm 
Nominal 
area, 
 mm2  
Tensile  
Young’s 
Modulus, GPa 
Ultimate 
Tensile  
Strength, MPa 
Ultimate 
Tensile 
Strain, % 
Glass-FRP #3 9.5 71 52.5±2.5 1,328 2.50 
#4 12.7 129 53.9±2.1 1,310 2.43 
#5 15.9 200 54.9±2.4 1,289 2.35 
Carbon-
FRP 
#3 9.5 71 130±2.5 1562 1.20 
#5 16 200 141±2.5 1680 1.19 
9.3 Analytical Modeling  
9.3.1 Constitutive Relationships of Materials  
9.3.1.1 FRP rebar 
Since FRPs are elastic by nature and do not yield, they behave linearly elastic up to failure. 
Standard design codes and FRP-guidelines in North America have been being in consensus to 
ignore the compression contribution of these bars in either compression members or in 
compression zones of flexural members. Given the limited compressive modulus of elasticity, 
for design purposes, a reasonable assumption has been in use to replace bars in compression 
by the same area of concrete (Zadeh and Nanni 2013). This hypothesis may be reasonable as 
long as it is assigned for design purposes. Estimating the maximum strength and ductility of 
FRP-RC members using curvature analysis requires accurate and proper integration of these 
bars in compression and tension zones. At high strain levels, GFRP and CFRP rebar could 
develop higher strains/stresses on the compression and tension sides capable of substituting for 
the cracked degraded concrete. The compression contribution of these bars should, therefore, 
be properly considered in analysis. This study adopted the integration of FRP bars’ contribution 
in compression zones and so called “Approach A”. Figure 9.1 presents the stress-strain 
relationships of GFRP- and CFRP reinforcing bars used for this approach.  
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Figure 9.1– Stress-strain relationships of FRP reinforcing bars 
The following points summarize the assumptions used for this approach. 
 The compressive modulus of elasticity was taken 80% for GFRP and 85% for CFRP of 
their tensile modulus of elasticity (ACI 440.1R-15 and Hadhood et al. 2017b). 
 The maximum compressive strength of CFRP bars is 35% of its tensile strength 
(Hadhood et al. 2017c and 2017d). 
 The rebar area was subtracted from concrete to avoid the duplication. 
The other hypothesis (to replace the rebar in compression by concrete) is used as a second 
approach “Approach B” for comparisons and discussions. In this approach, the compressive 
stresses of FRP rebar in compression zones are ignored while replaced by concrete.  
9.3.1.2 Concrete model 
The stress-strain relationship of concrete is influenced by significant parameters such as the 
type of the testing machine; rate of loading; type and quantity of aggregate; concrete strength 
and age (Popovics 1973). The ACI 363R (2010) noted that the shape of the ascending branch 
is more linear and steep for HSC, and the strain at the maximum stress is slightly higher for 
HSC. The descending branch is size-dependent and not only a material property (fib bulletin 
42; ACI 363R-10). Past years have seen several investigations to characterize the compressive 
stress distribution in unconfined and confined concretes.  
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Two models for unconfined and confined concrete are examined in this study. The first is an 
unconfined model followed by a straight tangent line for softening to represent the cover 
concrete. This model was proposed by Popovics (1973) and have been frequently used in 
research due to its accurate representation of the material nonlinearity. A major appeal of this 
model is that it only requires three parameters to control the entire pre- and post-peak behavior, 
specifically ', , andc co cf E . The compressive stress cf at corresponding strain c is expressed 
as: 
'
( 1)c c r
x rf f
r x
    (9.1) 
c
co
x   (9.2) 
'
0.8 17
cfr    (9.3) 
'4700 cEc f  (ACI 318 2014) (9.4) 
The second model was proposed by Mander et al. (1988) to model the confined concrete. This 
model adopted the 3-parameter equation proposed by Popovics (1973) considering the passive 
confinement effect. The compressive stress cf at corresponding strain c is expressed as: 
' '
( 1)c cc n
z nf f
n z
    (9.5) 
c
cc
z   (9.6) 
sec
c
c
En
E E
   (9.7) 
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'
sec
cc
cc
fE   (9.8) 
cc  is the strain at the maximum compressive strength of confined concrete 'ccf  
'
'[1 5( 1)]cccc co
c
f
f
     (9.9) 
The compressive strength of confined concrete 'ccf  is expressed by: 
' '
' '
' '
7.94[ 1.254 2.254 1 2 ]l lcc c
c c
f ff f
f f
      (9.10) 
in which 'lf  is given by: 
' 41 ( )2
t
l e fb
s
Af k f
s d
  (9.11) 
Where fbf  is the bend strength of spirals or hoops in MPa which should not exceed 0.006 ftE  per 
the CSA S806-12 (in this study, is taken as 0.004 ftE  and 0.002 ftE  for GFRP and CFRP transverse 
reinforcement, respectively; tA is the cross-sectional area of spirals or hoops measured in mm2; 
's  is the clear vertical spacing between spiral or hoop measured in mm; and 
sd  is the concrete 
core diameter in mm, measured between spiral or hoop centerlines. 
ek  is a confinement 
coefficient. 
For circular hoops, 
2'(1 )2
(1 )
s
e
cc
s
dk 

    (9.12) 
For spirals hoops, 
'(1 )2
(1 )
s
e
cc
s
dk 

    (9.13) 
238 Chapter 9: Analytical Modelling of FRP-RC Members under Eccentric Comp.
 
In which cc  is the ratio of area of longitudinal reinforcement to area of core of the section: 
2
( )4
f
cc
s
A
d
   (9.14) 
9.3.2 Description of the Analytical Model 
An analytical model was developed based on strain-compatibility and force-equilibrium. The 
model was then used to predict the analytical moment-curvature (M-ψ) responses of the tested 
specimens. This model adopts the layer-by-layer approach to integrate the stresses over the 
cross-sectional areas of concrete, GFRP- and CFRP- reinforcing bars. The stresses in the 
concrete and rebar are based on the constitutive models described earlier and illustrated in Fig. 
9.1. The following assumptions were considered in the analysis. 
 Plane sections remain plane under bending, so that the strain in the concrete and 
reinforcement is proportional to the distance from the neutral axis. 
 The stresses at the centroid of each strip are assumed constant throughout its thickness. 
 Perfect bond exists between the reinforcement and surrounding concrete. 
 The tension strength of concrete is neglected. 
 The confinement level is kept constant at a specified value (as reported in the previous 
page.) 
Since the integration analysis of circular sections is always complicated, it requires numerical 
programming to facilitate the integration process. The present procedure has been programmed 
in a numerical model. The procedure includes the following steps to obtain M-ψ response for 
FRP-RC circular eccentric columns for first-order analysis. It could be, however, used with 
other section geometries. 
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9.3.3 Procedure for first-order analysis 
The internal tension and compression forces along the cross section and their distances are 
shown in Fig. 9.2. The procedure of first-order analysis can be summarized in the following 
steps: 
1. Define the section geometry (B*H for rectangular or D for circular); cylinder concrete 
strength and cover ( 'cf  and d1); rebar size (db and dt), mechanical properties (fft and Eft), 
and distribution in section. 
2. Divide the concrete cross section into equal finite numbers of strips N of thickness t (in 
this example t is taken as 1 mm). 
3. Target an initial eccentricity (e*). 
4. Select a small value for concrete strain 1( )c  at the extreme top fiber and assume a 
reasonable value for the neutral-axis depth (c1). 
5. Calculate the area (Aci); strain ( ci ); stress ( cif ); and force ( ciF ) at the center of each 
strip i, as shown in Fig. 9.2 (note that Aci and fci must be calculated for the core and 
cover segments separately). The following expressions may be used as a guide for 
circular sections as long as no rupturing occurs to the rebar in tension side: 
* / 2iz i t t   (9.15) 
 where 0N i   (zi is the distance from the top surface to the center of strip i) 
i iy R z   (9.16) 
2 22 *i ib R y   (9.17) 
*ci iA b t  (Aci is the total area of strip i) (9.18) 
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1
1
1
* ici c c zc 
  (9.19) 
cif should be calculated in accordance with the concrete constitutive model (cover 
concrete model or core model) 
*ci ci iF f A  (9.20) 
6. Calculate distances (zfj and yfj); area (Afj); strain ( fj ); stress ( fjf ); and force (Ffj) at each 
rebar row. Use the following expressions as a guide: 
 For FRP bars in tension side: 
fj fj ftf E   (9.21) 
where 0M j  and ,fj ft uf f  ( ,ft uf  is given in Table 9.2) 
 For FRP bars in compression side (contribution of bars is considered): 
*fj fj fcf E  (9.22) 
 where 0M j   and ,maxfj fcf f  ( 0.85fc ftE E  and ,max 0.004fc fcf E  for CFRP 
bars; 0.80fc ftE E  and ,fc ft u fcf E  for GFRP bars). 
7. In case of considering the contribution of FRP bars in compression, the strip area at the 
compressed rebar levels should be displaced to ensure accurate results. For these special 
strips, the strip area and force should be calculated as follows: 
' * *ci i bA b t A m    (9.23) 
In which m is number of bars in one row=2 in the current study 
* 'ci ci ciF f A  (9.24) 
8. Compute the summation of all concrete strips and rebar forces ( ciF  and fjF ). 
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9. Satisfy the equilibrium and calculate the moment at the geometrical centroid (M1), Total 
force (P1), and the resulted eccentricity of this trial (e1). 
10. Check if e1=e* or not. If equal, find ψ1; if not equal, assume another value for c1 and 
repeat steps from 5 to 10 until e1=e*. 
1
1
1
c
c
   (9.25) 
11. Find the second point (M2 and ψ2) by increasing 1c  by a small increment c  and 
assuming a reasonable value for the neutral-axis depth, c2 (in the current analysis 1c  
and c  were set to 0.003 and 0.003, respectively). 
12. Repeat steps 5 and 6. 
13. Check the limit of the rebar strains/stresses in accordance with the GFRP and CFRP 
constitutive models, as mentioned in step 6. If the limit was reached in the compression 
side, continue to step 9. If the limit was reached in the tension side, recalculate steps 5 
and 6 based on the outermost rebar strain. 
14. Check if e2=e* or not. If equal, find ψ2; if not equal, assume another value for c2 and 
repeat steps from 5 to 10 until e2=e*. 
15. Repeat the same procedure until cu and find M3, M4, …, Mu and their corresponding 
ψ3, ψ4, …, ψu. 
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Figure 9.2– Stress and strain profiles of circular FRP-RC cross section 
9.3.4 Procedure for elastic second-order analysis  
The second order effect (P- δ) must be considered in the analysis, in absence of guidelines 
about the slenderness limit for FRP-RC columns. To obtain M-ψ responses for FRP-RC 
eccentric columns considering the second order effect, the same procedure used for short FRP-
RC columns is initially applied. The induced deflection (δ) should be added to the initial 
eccentricity at each step. A schematic flowchart describing the total procedure is shown in Fig. 
9.3. The deflection of eccentric members with single curvature can be obtained by different 
approaches (more details in Annex A). Deflections are calculated by integrating the curvatures 
along span using the moment-area method. For a single-curvature eccentric column with equal 
end moments and axial forces, lateral deflection at mid-height may be calculated by: 
2
max 8
lw   (9.26) 
Strain 
distribution
Cover 
concrete 
stress 
Core 
concrete 
stress 
concrete 
forces 
Rebar forces 
(Approach B) 
Rebar forces 
(Approach A) 
Strain 
distribution
Cross section (rebar 
details) 
Cross section of N strips 
(concrete details) 
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Figure 9.3– A schematic flowchart for elastic second-order M-ψ analysis 
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9.3.5 Verification of the Model 
This section presents a comparison of the experimental and predicted M-ψ responses for the 
tested specimens. The influence of bar contribution in compression zones can be recognized in 
all plotted diagrams, as shown in Figs. 9.4 to 9.8. The solid lines are assigned for the 
experimental results while the long- and short-dotted lines are assigned for the analytical 
approaches A and B, respectively. The experimental results include responses for 16 GFRP-
RC and 4 CFRP-RC eccentric specimens. The comparison with analytical approaches showed 
in general very good correlation for the ascending branch while differences appeared in the 
descending part. The discussion of these results divided the responses into three stages. 
  
  
Figure 9.4– Comparison of Experimental and Analytical M-ψ for Series I 
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Stage 1: initial zone 
Initial zone starts from the origin to a point at which approximately 50% of the maximum 
moment developed. In this zone, the behavior of specimens was almost linear elastic at lower 
levels of eccentricity (values of e/D =0.08 and e/D =0.16) or it may have turned to nonlinearity 
at higher levels of eccentricity (values of e/D =0.33 and e/D =0.66). It should be noted that the 
service and ultimate limit states for FRP-RC members are included in this zone. The 
comparison with the numerical models showed very good correlation for both hypotheses.  
  
  
Figure 9.5– Comparison of Experimental and Analytical M-ψ for Series II 
Replacing the compressed bars with concrete has not affected the results and its impact was 
negligible, which may reinforce the hypothesis to replace bars in compression by concrete in 
FRP- design codes and guidelines. For the highest level of eccentricity (value of e =200mm), 
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a noticeable difference was recognized in all relationships because of ignoring the tension 
stiffening of concrete. 
Stage 2: strength zone 
This stage continued after stage 1 to the maximum moment developed. The numerical models 
reasonably predicted the maximum moment capacity of all specimens. The non-linear behavior 
of GFRP-RC specimens at this stage was not perfectly predicted at high eccentricity levels 
(values of e/D =0.33 and 0.66). More research on models considering the change of strain 
gradient should be conducted to find comprehensive justifications.  
The predicted results were in general lower than the experimental results. GFRP-RC specimens 
had, however, higher post-peak hardening response, especially when considering bar 
contribution in compression regions. Thus, the maximum moment due to the experimental tests 
were accurately predicted. The difference between the experimental-to-analytical predictions 
depends on the approach considered (A or B) and the type of reinforcement (GFRP or CFRP). 
For all GFRP-RC specimens, the mean difference varied between 96%±3% and 93%±4% for 
approaches A and B, respectively. Both approaches achieved, therefore, similar predictions and 
the influence of considering GFRP rebar contribution in compression is still considered 
negligible. It should be noted that the maximum moments were always distinguished at 0.35% 
concrete strain for all specimens regardless the hardening stiffness on the post-peak part. The 
prediction of maximum moments for CFRP-RC specimens in series V may be considered 
conservative. The mean level of conservatism varied between 94%±2% and 84%±3% for 
approaches A and B, respectively. The difference in the mentioned levels reflects the negative 
influence of replacing the compressed CFRP bars by concrete.  
Stage 3: ductility zone 
This stage started after the maximum moment reached to the crushing of concrete or the 
termination of test. In this stage—after the peak—moment and curvature results were 
frequently employed to determine the curvature ductility factor, displacement ductility factor, 
... others. So far, the proper prediction of M-ψ responses in this zone is one of the challenges 
to analytically estimate members’ ductility. The current study is not targeted to study the 
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ductility behavior of FRP-RC structures. A general evaluation of the M-ψ responses in this 
stage was, however, presented for future research regarding also bar contribution in 
compression. For GFRP specimens, the numerical model overestimated the M-ψ responses 
when approach A is used. Using approach B returned in better predictions. The confining stress 
and strain of Mander model (1988) was developed based on steel specimens where yielding of 
rebar are expected after peak. Implementing the contribution of GFRP bars in compression 
regions is not so far well counted for in this model. Otherwise, the model matches well with 
approach B where GFPR bars are replaced by concrete and hence their enhanced stiffness at 
high strain levels is not considered. For CFRP-RC specimens, both approaches predicted well 
the M-ψ response. Setting a maximum compressive strain limit for CFRP rebar was similar to 
the yielding phenomenon for steel and hence, the predictions of this part were quite reasonable. 
The maximum compressive strain of CFRP bars was limited to 0.004 in accordance with the 
test results. CFRP-RC specimens have, therefore, limited post-peak behavior as shown in Fig. 
9.8. 
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Figure 9.6– Comparison of Experimental and Analytical M-ψ for Series III 
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Figure 9.7– Comparison of Experimental and Analytical M-ψ for Series IV 
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Figure 9.8– Comparison of Experimental and Analytical M-ψ for Series V 
  
0
20
40
60
80
100
120
0.00 0.02 0.04 0.06
Mo
me
nt,
 M
(kN
.m
)
Curavture, ψ (Rad/m)
Experimental Approach A
Approach B
e =25mm (e/D =0.08)
0
20
40
60
80
100
120
0.00 0.02 0.04 0.06
Mo
me
nt,
 M
(kN
.m
)
Curavture, ψ (Rad/m)
Experimental Approach A
Approach B
e =50mm (e/D =0.16)
0
20
40
60
80
100
120
0.00 0.02 0.04 0.06
Mo
me
nt,
 M
(kN
.m
)
Curavture, ψ (Rad/m)
Experimental
Approach A
Approach B
e =100mm (e/D =0.33)
0
20
40
60
80
100
120
0.00 0.02 0.04 0.06
Mo
me
nt,
 M
(kN
.m
)
Curavture, ψ (Rad/m)
Experimental
Approach A
Approach B
e =200mm (e/D =0.66)
9.4 Flexural Stiffness of FRP-RC Members under Axial Force and Bending Moment 251
 
  
9.4 Flexural Stiffness of FRP-RC Members under Axial 
Force and Bending Moment 
The analysis and design of R.C structures pertains to the relative stiffness (Columns-to-beams) 
of their members, as well as the assumed stiffness values (EIc and EIg). Stiffness of a member 
reflects the degree of cracking, creep, and nonlinearity of concrete, among other factors. At a 
certain load level, therefore, the stiffness is so called “effective stiffness EIe” in which it should 
be somewhere between the cracked (EIcr) and uncracked stiffness (EIg). Immediate and time-
dependent deflections shall be calculated based on the service load level. The first- and second-
order analysis, however, are accounted for on the factored load level. The post-peak behavior 
and ductility measures are also determined based on a similar load level, where the effective 
stiffness is calculated, beyond the peak. The EIe should, therefore, be well-expressed and 
known on these levels. Investigations by various researchers on steel-RC columns show 
dependence of flexural stiffness on the level of axial load P/Po (Mehanny et al. 2001), the 
eccentricity ratio e/H (Lloyd and Rangan 1996; Mirza 1990), as well as on the reinforcement 
ratio ρg, and the concrete compressive strength 'cf  (Khuntia and Ghosh 2004).  
The technical knowledge about FRP-RC structures has been increasing since the 2000s 
throughout research; codes development; as well as site tests investigations. Analysis and 
design of FRP-RC structures are still under establishment and exploration. The effective 
stiffness of FRP-RC beam-columns is considered one of the most highly demanded parameter 
for the evolution of FRP rebar safe use. A recent analytical study is conducted by Zadeh and 
Nanni (2017) in a try to closely duplicate the wide-used ACI 318 modification factors and 
provisions for the EIe for a smooth switch between this familiar standard and the proposed 
FRP-RC code. A comparison of proposed equations for EI with EI values from (M-ψ) diagrams 
will surely contribute to a safe and correct estimation of the EIe for FRP-RC beam-columns. In 
this chapter, a comparison is made between some empirical expressions for EIe and those 
obtained using experimental and analytical M-ψ responses at service and ultimate load levels. 
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9.4.1 Effective stiffness of beam columns in ACI 318-14 building 
code 
Beam columns are structural elements subjected to a combined flexural moment and axial 
force. Elements with small axial force ( '0.10* *u c gP f A ) should be considered as a beam 
ignoring the effect of axial force. Others with '0.10* *u c gP f A  are analyzed and designed 
based on their slenderness and their condition against side-sway. In frames and multi-story 
structures, the EIe must be assumed for each member in a preliminary analysis to obtain a 
proper distribution of the internal forces and estimated deflections. If slenderness is to be 
neglected, only a first-order analysis is required. Section 6.6.3.1.1 recommends the use of Ie 
=0.35Ig and Ie =0.70Ig for beams and columns, respectively, at the factored load level. For the 
service load level, these modifiers should be multiplied by 1.4 to become 0.5 and 1.0, 
respectively. Alternatively, more refined values of /e gI I  are also presented considering several 
parameters as proposed in Khuntia and Ghosh (2004a, b). It should be noted that these 
expressions are applicable for all levels of loading. 
col( / ) (0.80 25 )(1 0.5 )e g g
o
e PI I
h P
     (9.27) 
where col0.35 ( / ) 0.875e gI I   (9.28) 
A similar form was developed for beams as follows: 
beam( / ) (0.10 25 )(1.2 0.2 )we g bI I d    (9.29) 
 where beam0.25 ( / ) 0.50e gI I   (9.30) 
Note that ρg and ρ are the gross and tensile reinforcement ratios, respectively. For circular 
sections, the average /e gI I  is approximately over 10% less than that of a square section with 
the same diameter, concrete strength, and gross reinforcement ratio (Khuntia and Ghosh 
2004a). 
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On the other hand, the second order effects in slender columns are accounted for in design by 
using either the moment magnification approach for sway/non-sway frames or a second-order 
analysis. To determine whether a structure is categorized as nonsway, either of two conditions 
should be satisfied: the stability index Q should not exceed 0.05 or the increase in column end 
moments due to second order effects does not exceed 5% the first-order end moments. Section 
6.6.4.4.4 recommends three expressions for the effective flexure stiffness EIe as follows: 
0.4
1
c g
e
dns
E I
EI    (9.31) 
0.2
1
c g s se
e
dns
E I E I
EI 
   (9.32) 
1
c e
e
dns
E IEI    (9.33) 
where Ie is calculated as previously described on the first order analysis. 
It is important to highlight that overestimating the stiffness or flexural rigidity parameter EIe 
leads to overestimation of the critical buckling load. This in turn reduces the magnitude of the 
moment-magnification factor to be used for designing slender columns, which may lead to 
unconservative designs. 
9.4.2 Effective stiffness of FRP-RC beam columns in research 
Distinct studies realised the importance of this matter on the beam column design while FRP 
rebar represents the main reinforcement. Mirmiran et al. (2001) raised questions about the FRP-
RC slender column design on: susceptibility to instability failure, slenderness limits, and 
validity of the second order analysis of Steel-RC columns. They proposed to limit the 
slenderness limit to 17 (based on past study by Mirmiran 1998) instead of the ACI limit of 22 
(M1/M2 = –1) and to replace the numerator of 0.4EcIg in the first equation of the second order 
analysis by 0.25EcIg and 0.10EcIg for e/h ≤0.40 and e/h ≤0.10, respectively. The first order 
analysis was not, however, a matter of interest in this study. Recently, Zadeh and Nanni (2013) 
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proposed a modification to the ACI first-order analysis Ie by replacing the gross steel 
reinforcement ratio g  by the equivalent gross FRP reinforcement ratio ff
s
E
E
  . The Ie 
expression for FRP-RC columns may then be expressed by: 
col( / ) (0.80 25 )(1 0.5 )fe g f
s o
E e PI I
E h P
     (9.34) 
 where col0.35 ( / ) 0.875e gI I   
The Ie expression for FRP-RC beams may be similarly modified to be: 
beam( / ) (0.10 25 )(1.2 0.2 )wfe g
s
bEI I
E d
    (9.35) 
where beam0.25 ( / ) 0.5e gI I   
These equations were then simplified by dividing the expressions proposed for FRP and that 
used for steel, substituting col( / )e gI I =0.70, assuming average reinforcement ratio for steel and 
FRP (2.5%), and rounding the expressions to be: 
col( / ) 0.40 0.3 fe g
s
EI I
E
  , where col( / ) 0.70e gI I   (9.36) 
beam( / ) 0.075 0.275 fe g
s
EI I
E
  , where beam( / ) 0.35e gI I   (9.37) 
Note that these expressions were assigned to ultimate load levels. For service load levels, these 
equations may be multiplied by 1.40 (similar to the ACI). Recently, based on a more detailed 
analysis, the same authors proposed modifications for these expressions which they described 
as “having much more simplified calculations” (Zadeh and Nanni 2017). The final forms for 
their proposal were described as: 
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col( / ) 0.40 0.15 fe g
s
EI I
E
  , where col( / ) 0.55e gI I   (9.38) 
beam( / ) 0.10 0.25 fe g
s
EI I
E
  , where beam( / ) 0.35e gI I   (9.39) 
In a similar way to the ACI 318 (2014) for the approximate recommendation of col( / )e gI I
=0.70 at ultimate load level, Zadeh and Nanni (2017) recommends that col( / )e gI I =0.50 and 
0.42 for CFRP- and GFRP-RC columns, respectively. The slenderness and the second order 
effect were covered in this study and conclusions were made. From their study, two main 
findings were mentioned and summarized herein: 
 The results of the flexural stiffness of FRP columns, whether for analysis or for second-
order effects, may be approximately be calculated as 80% and 60% of steel-RC columns 
for CFRP- and GFRP-RC columns, respectively. 
 The maximum slenderness limits are 19 and 14 for CFRP- and GFRP-RC columns, 
respectively. 
9.4.3 Secant stiffness of the tested specimens 
The stiffness of the tested specimens was evaluated using their secant stiffness, defined up to 
their peak loads; hence, the stiffness degradation is assessed at different load stages. Figures 
9.9 to 9.13 show the relationships between EIsec/EIg and P/Po at different levels of eccentricity 
(or e/D) for the tested series I, II, III, IV, and V. These figures demonstrated that stiffness 
always decreased with increasing either the eccentricity ratio e/D or the axial load ratio P/Po. 
The degradation rate was obviously accompanied with specimens having e/D ratios of 0.33 and 
0.66. This trend is also recognized through past studies (Mirza 1990; Lloyd and Rangan 1996; 
Khuntia and Ghosh 2004a and 2004b; Zadeh and Nanni 2017). The behavior of the tested 
specimens at low level of eccentricity (value of e/D=0.08) was almost linear to peak loads in 
which the sections were under full compressive stresses. The strain gradient effect was 
recognized through the nonlinear behavior of specimens tested at higher eccentricity levels 
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(value of e/D =0.16, 0.33, and 0.33). Figures 9.9 to 9.13 present the experimental evidence of 
stiffness degradation over the load history. Stiffness at service and ultimate load levels should 
be determined for comparisons and discussion with available values from the literature.  
 
Figure 9.9– Influence of e/D and P/Po on EIsec/EIg for specimens in series I 
 
Figure 9.10– Influence of e/D and P/Po on EIsec/EIg for specimens in series II 
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Figure 9.11– Influence of e/D and P/Po on EIsec/EIg for specimens in series III 
 
Figure 9.12– Influence of e/D and P/Po on EIsec/EIg for specimens in series IV 
 
Figure 9.13– Influence of e/D and P/Po on EIsec/EIg for specimens in series V 
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Design recommendations in the ACI 440.1R (2015) are based on limit state design principles. 
The load factor given in ACI 318 (2014) are used to determine the required strength of FRP-
RC member. The strength reduction factor  for steel-RC sections varies between 0.65 (0.75) 
to 0.90 for compression- and tension-controlled, respectively. For FRP-RC beams, a 
conservative strength reduction factors were adopted because FRP members do not exhibit 
ductile behavior (ACI 440.1R 2015). The  factor was set to 0.65 and 0.55 for compression 
and tension-controlled section, respectively. In order to maintain the streamline with the ACI 
318 (2014), the same  factors used for FRP-RC beams were adopted for calculating secant 
stiffness of the tested specimens at ultimate loads. The design (ultimate) axial load for FRP-
RC members can be calculated as follows. 
For compression-controlled members ( = 0.65): 
0.85 0.55r n nP P P    (columns with spirals) (9.40) 
0.80 0.52r n nP P P    (columns with hoops) (9.41) 
For tension-controlled members ( = 0.55): 
0.85 0.47r n nP P P    (columns with spirals) (9.42) 
0.80 0.44r n nP P P    (columns with hoops) (9.43) 
The ultimate load was conservatively defined as 0.55 Pn for all specimens in the current study. 
The service load was taken 0.70 of the ultimate load as recommended by the ACI 318 (2014) 
and so, it could be calculated as 0.38 Pn. Figures 9.14 and 9.15 showed the relationship between 
EIsec/EIg and e/D for the tested specimens at the service and ultimate load levels, respectively. 
The influence of the test parameters is examined by these figures. The results presented 
graphically by these figures are also tabulated in Tables 9.3 to 9.6.  
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Figure 9.14– Flexural stiffness of FRP-RC beam columns as a function of eccentricity at 
service loads (experimental results) 
The CFRP-RC specimens achieved higher stiffness than all GFRP-RC specimens at both the 
service and ultimate loads. This obviously returns to their higher Young’s modulus than the 
GFRP-RC specimens. This increase was much more pronounced at levels of eccentricity higher 
than e/D =0.08. The mean stiffness values (EIsec/EIg) of the CFRP-RC columns were 0.90 and 
0.80 for service and ultimate load levels, respectively. The last CFRP-RC specimen (C25) had 
normalized axial force less than 0.10 and therefore considered as a beam. The stiffness values 
of EIsec/EIg for this specimen were 0.41 and 0.38, respectively. 
Increasing the reinforcement ratio of the GFRP rebar 
g  from 2.2% to 3.3% enhanced the 
stiffness of the tested specimens. The enhancement was not typically high but it was expected 
due to the low Young’s modulus of the GFRP rebar. The mean stiffness values for series IV of 
the GFRP-RC columns were 0.82 and 0.73 for service and ultimate load levels, respectively. 
The last GFRP-RC specimen in this series (L20) had normalized axial force less than 0.10 and 
therefore considered as a beam. The stiffness values of EIsec/EIg for this specimen were 0.34 
and 0.30, respectively. 
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Figure 9.15– Flexural stiffness of FRP-RC beam columns as a function of eccentricity at 
ultimate loads (experimental results) 
The influence of confinement configuration (using spirals vs. hoops) and volumetric ratio 
(using spiral no. 3 vs. spiral no. 4) was insignificant in stiffness calculation. The confinement 
model proposed by Mander (1988) introduced the change made by changing these parameters 
through the confinement parameter (k) given by equations 9.12 and 9.13. This parameter (k) 
controls the confined stress and strain presented by equations 9.9 and 9.10. Despite that, the 
difference in the test parameters presented by the current study has a negligible impact on the 
confined stress and strain. They do rather control the post-peak stiffness as presented in Figs. 
9.4 to 9.6. The mean stiffness values for series I, II, and III of the GFRP-RC columns were 
0.77 and 0.66 for service and ultimate load levels, respectively. The last GFRP-RC specimen 
in these series (D5, V10, and H15) had normalized axial force less than 0.10 and therefore 
considered as beams. The mean stiffness values of EIsec/EIg for these specimens were 0.31 and 
0.23, respectively. 
9.4.4 Comparison of analysis and test Results: 
In this section, a comparison was constructed for the EIsec/EIg calculated from test results, 
analytical modeling, and two different empirical expressions. The secant stiffness of the tested 
specimens was primarily calculated at service and ultimate load levels employing the M-ψ 
relationships previously plotted through Figs. 9.4 to 9.8, based on the analytical modeling 
described on Section 9.3. The First empirical expression—Eq. 9.34—was a modified equation 
to the ACI 318 (2014) expression. This equation was modified to substitute the steel 
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reinforcement ratio by the FRP reinforcement ratio through the difference in their modulus 
Ef/Es. The other expression—Eq. 9.38—was recently proposed by Zadeh and Nanni (2017) 
through their analysis and discussions. The results of this section were presented through 
Tables 9.3 to 9.6. The comparison at the service loads were included in Tables 9.3 and 9.4 
while the other tables described the results at the ultimate load level. 
9.4.4.1 Service load level 
The comparison at the service load level showed that the analytical modeling described on 
Section 9.3 had excellent predictions compared to the experimental results of a mean value 
0.99 and 1.12 for the GFRP-RC and CFRP-RC specimens with Ps /Po ≥0.10, respectively. The 
mean difference increased to 1.36 and 1.11 for the GFRP-RC and CFRP-RC specimens with 
Ps /Po <0.10, respectively. It should be noted that mean values were always calculated by 
dividing the results from tests over those from analysis, as mentioned in tables’ headlines. 
The modified-ACI expression had also very good predictions with small mean differences of 
1.10 and 1.07 for the GFRP-RC and CFRP-RC specimens with Ps /Po ≥0.10, respectively. This 
expression had, however, higher underestimations for the GFRP-RC and CFRP-RC specimens 
with Ps /Po<0.10. The mean differences reached 1.96 and 1.72 for the GFRP-RC and CFRP-
RC specimens, respectively. 
The expression proposed by Zadeh and Nanni (2017) underestimated the test results but their 
equation still has reasonable mean differences. The advantage of their equation that it 
maintained similar mean differences almost through all specimens. They developed their 
expression in the same form as the ACI 318 (2014) and made a validation with an analytical 
model in the service limit. Their model had a rectangular section and replaced the rebar in 
compression by concrete. This is a good reason for their impressive estimations even with 
circular sections.  
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Table 9.3 – Comparison of EIe for FRP-RC beam columns at service loads (Ps /Po ≥0.10) 
Specimen 
no. 
 
[1] 
Experimental Analysis Mod. ACI  Eq. (9.34) 
Z&N (2017)  
1.4 * Eq. (9.38) 
Proposed  
Eq. (9.44) 
µserv 
[2] 
Ps /Po 
[3] 
µserv 
[4] 
Ratio 
[5]=[2]/[4] 
µserv 
[6] 
Ratio 
[7]=[2]/[6] 
µserv 
[8] 
Ratio 
[9]=[2]/[8] 
µserv 
[10] 
Ratio 
[11]= 
[2]/[10] 
 GFRP-RC specimens 
G2 1.01 0.31 0.92 1.10 0.73 1.39 0.62 1.64 1.01 1.00 
G3 0.90 0.22 0.91 0.99 0.69 1.30 0.62 1.46 0.76 1.18 
G4 0.43 0.11 0.48 0.90 0.59 0.73 0.62 0.70 0.42 1.03 
V7 1.02 0.26 0.92 1.11 0.75 1.35 0.62 1.65 1.01 1.01 
V8 0.82 0.18 0.91 0.90 0.71 1.15 0.62 1.33 0.76 1.08 
V9 0.41 0.10 0.48 0.85 0.59 0.69 0.62 0.66 0.42 0.99 
H12 1.07 0.25 0.93 1.15 0.75 1.42 0.62 1.74 1.01 1.07 
H13 0.79 0.19 0.91 0.86 0.71 1.11 0.62 1.27 0.76 1.03 
H14 0.44 0.10 0.48 0.92 0.59 0.74 0.62 0.71 0.42 1.06 
L17 1.00 0.30 0.93 1.08 0.79 1.27 0.62 1.62 1.01 0.99 
L18 0.95 0.22 0.91 1.04 0.75 1.27 0.62 1.54 0.76 1.25 
L19 0.50 0.12 0.49 1.02 0.63 0.80 0.62 0.81 0.42 1.20 
Mean 0.99  1.10  1.26  1.07 
Standard deviation 0.10  0.28  0.42  0.09 
 CFRP-RC specimens 
C22 1.08 0.29 0.90 1.20 0.88 1.23 0.71 1.53 1.08 1.00 
C23 0.95 0.21 0.89 1.07 0.87 1.09 0.71 1.34 0.88 1.07 
C24 0.63 0.12 0.58 1.09 0.72 0.87 0.71 0.89 0.58 1.08 
Mean 1.12  1.07  1.25  1.05 
Standard deviation 0.27  0.31  0.42  0.28 
 
Table 9.4 – Comparison of EIe for FRP-RC beam columns at service loads (Ps /Po <0.10) 
Specimen no. 
 
 
[1] 
Experimental Analysis Mod. ACI  Eq. (9.34) 
Z&N (2017)  
1.4 * Eq. (9.38) 
µserv 
[2] 
Ps /Po 
[3] 
µserv 
[4] 
Ratio 
[5]=[2]/[4] 
µserv 
[6] 
Ratio 
[7]=[2]/[6] 
µserv 
[8] 
Ratio 
[9]=[2]/[8] 
 GFRP-RC specimens 
G5 0.33 0.05 0.22 1.50 0.16 2.11 0.24 1.40 
V10 0.34 0.04 0.22 1.55 0.16 2.17 0.24 1.44 
H15 0.26 0.05 0.22 1.19 0.16 1.68 0.24 1.11 
L20 0.34 0.06 0.28 1.21 0.18 1.86 0.24 1.44 
Mean 1.36  1.96  1.35 
Standard deviation 0.19  0.23  0.16 
 CFRP-RC specimen 
C25 0.41 0.07 0.37 1.11 0.24 1.72 0.39 1.06 
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The mean difference for the GFRP-RC and CFRP-RC specimens with Ps /Po ≥0.10 were 1.26 
and 1.25, respectively, while for the same specimens with Ps /Po <0.10, the mean differences 
were of 1.35 and 1.06, respectively. In the next part of this discussion, their expression is also 
validated against the current test results in the ultimate limit. 
9.4.4.2 Ultimate load level 
The comparison at this level showed that the analytical modeling was near to the experimental 
results of a mean value 0.95 and 1.11 for the GFRP-RC and CFRP-RC specimens with Ps /Po 
≥0.10, respectively. The mean difference increased to 1.10 and 1.09 for the GFRP-RC and 
CFRP-RC specimens with Ps /Po <0.10, respectively.  
The modified-ACI expression had excellent predictions with mean differences of 1.03 and 1.00 
for the GFRP-RC and CFRP-RC specimens with Ps /Po ≥0.10, respectively. This expression 
had, however, higher underestimations the GFRP-RC and CFRP-RC specimens with Ps /Po 
≥0.10. The mean differences reached 2.16 and 2.28 for the same specimens, respectively. 
The expression proposed by Zadeh and Nanni (2017) has higher underestimating than those of 
the service limit. The mean difference for the GFRP-RC and CFRP-RC specimens with Ps /Po 
≥0.10 were of 1.54 and 1.57, respectively, while for the same specimens with Ps /Po <0.10, the 
mean differences were 1.47 and 1.38, respectively.  
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Table 9.5 – Comparison of EIe for FRP-RC beam columns at ultimate loads (Pu /Po ≥0.10) 
Specimen 
no. 
 
[1] 
Experimental Analysis Mod. ACI  Eq. (9.34) 
Z&N (2017)  
Eq. (9.38) 
Proposed  
Eq.  
µult 
[2] 
Pu /Po 
[3] 
µult 
[4] 
Ratio 
[5]=[2]/[4] 
µult 
[6] 
Ratio 
[7]=[2]/[6] 
µult 
[8] 
Ratio 
[9]=[2]/[8] 
µult 
[10] 
Ratio 
[11]= 
[2]/[10] 
 GFRP-RC specimens 
G2 0.84 0.45 0.84 1.00 0.66 1.27 0.44 1.90 0.91 0.93 
G3 0.81 0.32 0.85 0.95 0.65 1.25 0.44 1.84 0.69 1.18 
G4 0.37 0.16 0.44 0.83 0.56 0.66 0.44 0.84 0.37 0.99 
V7 0.91 0.37 0.85 1.07 0.70 1.30 0.44 2.06 0.91 1.01 
V8 0.74 0.26 0.86 0.86 0.67 1.10 0.44 1.68 0.69 1.08 
V9 0.35 0.13 0.44 0.79 0.57 0.61 0.44 0.79 0.37 0.94 
H12 0.91 0.37 0.86 1.06 0.70 1.30 0.44 2.06 0.91 1.00 
H13 0.67 0.27 0.86 0.78 0.67 1.01 0.44 1.53 0.69 0.98 
H14 0.38 0.14 0.43 0.87 0.57 0.66 0.44 0.86 0.37 1.02 
L17 0.90 0.44 0.86 1.05 0.72 1.25 0.44 2.04 0.91 0.99 
L18 0.86 0.31 0.85 1.01 0.70 1.23 0.44 1.95 0.69 1.25 
L19 0.43 0.18 0.45 0.96 0.60 0.72 0.44 0.97 0.37 1.15 
Mean 0.95  1.03  1.54  1.04 
Standard deviation 0.11  0.28  0.52  1.10 
 CFRP-RC specimens 
C22 0.96 0.42 0.80 1.20 0.85 1.14  1.90 0.97 0.99 
C23 0.87 0.31 0.80 1.09 0.81 1.07  1.72 0.80 1.09 
C24 0.55 0.18 0.53 1.04 0.69 0.80  1.09 0.52 1.05 
 1.11  1.00  1.57  1.04 
 0.27  0.30  0.52  0.28 
 
Table 9.6 – Comparison of EIe for FRP-RC beam columns at ultimate loads (Pu /Po <0.10) 
Specimen 
no. 
 
[1] 
Experimental Analysis Mod. ACI  Eq. (9.34) 
Z&N (2017)  
Eq. (9.38) 
µult 
[2] 
Pu /Po 
[3] 
µult 
[4] 
Ratio 
[5]=[2]/[4] 
µult 
[6] 
Ratio 
[7]=[2]/[6] 
µult 
[8] 
Ratio 
[9]=[2]/[8] 
 GFRP-RC specimens 
G5 0.25 0.07 0.21 1.19 0.11 2.28 0.17 1.48 
V10 0.21 0.06 0.21 1.00 0.11 1.92 0.17 1.25 
H15 0.23 0.07 0.21 1.09 0.11 2.10 0.17 1.36 
L20 0.30 0.08 0.27 1.11 0.13 2.35 0.17 1.78 
Mean 1.10  2.16  1.47 
Standard deviation 0.08  0.19  0.23 
 CFRP-RC specimen 
C25 0.38 0.09 0.35 1.09 0.17 2.28 0.28 1.38 
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9.4.4.3 Proposed expression for columns 
The comparison presented through Tables 9.3 to 9.6 showed how different analysis are 
correlated to test results. The difference at each point separately was far from accuracy which 
was not enough highlighted by these tables, although the mean differences were reasonable 
and acceptable. Figures 9.16 and 9.17 show graphically the same correlation. The correlation 
between eqn. 9.34 or eqn. 9.35 and the test results showed that these equations do not represent 
well the test results.  
  
Figure 9.16– Proposed flexural stiffness of GFRP-RC columns (P/Po ≥0.10) 
The shape of the all figures representing the test results can be presented as second degree 
parabola in the form of  2 0A x B x C   . The secant stiffness is found to be mostly sensitive 
to the change of terms e/D and/or P/Po. The test results revealed that the summation of these 
terms is almost a constant. The change in a term directly changes the other term and thus for a 
proposed equation, only one term can be used to consider both. Proposed equations are 
developed and validated against the experimental results to represent the whole stiffness 
response for GFRP-RC and CFRP-RC columns at service and ultimate levels, where P/Po 
≥0.10. 
For GFRP-RC columns: 
2
sec( / ) 4( / ) 4( / ) 1.3g servEI EI e D e D     (9.44) 
For CFRP-RC columns: 
2
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These expressions achieved accurate mean differences against the test results as shown in 
Tables 9.3 and 9.5. the mean differences are 1.07 and 1.05 at the service limit for the GFRP-
RC and CFRP-RC specimens, respectively, while in the ultimate level, these differences 
maintained similar of 1.04 and 1.04, respectively. The stiffness on the ultimate level is 
calculated using the same equations while multiplied by 0.9.  
  
Figure 9.17– Proposed flexural stiffness of CFRP-RC columns (P/Po ≥0.10) 
9.5 Summary and Conclusions 
This chapter presents an analytical modeling of twenty-five full-scale circular concrete 
columns reinforced by FRP bars and spirals/hoops. Twenty were reinforced with GFRP rebar 
and the others reinforced with CFRP rebar. Two models for unconfined and confined concrete 
are examined in this study, based on strain-compatibility and force-equilibrium. The model 
was then used to predict the analytical moment-curvature (M-ψ) responses of the tested 
specimens. A procedure for second-order analysis was described and used in this model to 
consider the second-order effect. The comparison against the test results showed reasonable 
correlation for the pre-defined hypotheses, while differences were justified. The stiffness of the 
tested specimens was then evaluated using their secant stiffness. The effective stiffness was 
calculated using different approaches in the literature and compared with the secant stiffness 
form the experimental database. Proposed equations were finally developed and validated 
against the experimental results to represent the whole stiffness response for GFRP-RC and 
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CFRP-RC columns at service and ultimate levels. The following points conclude the findings 
of this chapter. 
 An analytical model was proposed to predict the moment-curvature response of the 
FRP-RC members. This model includes some assumptions to FRP rebar and 
spirals/hoops. The confinement effect of FRP transverse reinforcement was considered. 
 Replacing the contribution of FRP reinforcement in the compression zone may be 
conservative but acceptable for the design purpose. Using this hypothesis for analysis, 
especially for post-peak response, returned in inconvenience differences and should not 
be used. 
 Setting a maximum compressive strain limit for CFRP rebar to 0.4% was quite 
reasonable and enhanced the predictions of the post-peak behavior of the CFRP-RC 
specimens. The CFRP-RC specimens had, however, limited post-peak behavior. 
 The CFRP-RC specimens achieved higher stiffness than all the GFRP-RC specimens 
at both the service and ultimate loads. This returned to their higher Young’s modulus 
than that of the GFRP-RC specimens. 
 The mean values of EIsec/EIg for the CFRP-RC columns were 0.90 and 0.80 at service 
and ultimate load levels, respectively, while the last specimen that considered as a beam 
achieved 0.41 and 0.38 at the same levels, respectively. 
 Increasing the reinforcement ratio of the GFRP rebar from 2.2% to 3.3% enhanced the 
stiffness of the tested specimens. The mean values EIsec/EIg of series IV were 0.82 and 
0.73 at service and ultimate load levels, respectively, while the last specimen that 
considered as a beam achieved 0.34 and 0.30 at the same levels, respectively. 
 The GFRP confinement configuration (using spirals vs. hoops) and GFRP volumetric 
ratio (using spiral no. 3 vs. spiral no. 4) was insignificant in stiffness calculation. The 
mean values of EIsec/EIg for series I, II, and III were 0.77 and 0.66 for service and 
ultimate load levels, respectively. For the specimens considered as beams, the mean 
values of EIsec/EIg were 0.31 and 0.23 at the same levels, respectively. 
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 Proposed equations are developed and validated against the experimental results to 
represent the whole stiffness response for GFRP-RC and CFRP-RC columns at service 
and ultimate levels, where P/Po ≥0.10. These expressions achieved accurate mean 
differences against the test results. 
For GFRP-RC columns:   
2
sec( / ) 4( / ) 4( / ) 1.3g servEI EI e D e D     
For CFRP-RC columns:  
2
sec( / ) 2.5( / ) 3( / ) 1.3g servEI EI e D e D     
 
 
 CHAPTER 10  
CONCLUSIONS AND RECOMMENDATIONS 
10.1 Conclusions 
The current research addressed the structural performance of the eccentrically loaded circular 
concrete columns entirely reinforced with FRP bars using normal- and high-strength concretes. 
This research included testing full-scale specimens under different levels of eccentricity. The 
test variables were chosen to examine the FRP rebar efficiency at different load intensities. The 
experimental results of FRP-RC specimens were analyzed and discussed in a comparison to 
the reference steel-RC specimens. All specimens measured 305 mm diameter and 1500 mm 
height. To facilitate reading conclusions in this chapter, specimens constructed with normal-
strength concrete and reinforced with GFRP, CFRP, and steel rebar were given notations of 
GFRP-RC, CFRP-RC, and steel-RC specimens, respectively. Similarly, specimens constructed 
with high-strength concrete and reinforced with GFRP, CFRP, and steel rebar were given 
notations of H-GFRP-RC, H-CFRP-RC, and H-steel-RC specimens, respectively. The 
experimental results were compared to results from section analysis models. Stresses were 
integrated over the section either by using the equivalent stress block (ERSB) parameters or by 
adopting the layer-by-layer approach considering proper constitutive models for materials. 
Modified expressions of the ERSB given in ACI 440.1R and CSA S806 were developed for 
high-strength concrete for better and more conservative predictions. This research additionally 
conducted several parametric studies, based on the validated models, to generate sets of P-M 
interaction diagrams and guide charts considering the mechanical properties of the GFRP bars 
provided in the ACI 440.1R (2015). Finally, the flexure stiffness of FRP-RC columns was 
investigated and discussed in the light of the recommendation provided by the ACI 318 (2014) 
and recent research. Proposed expressions were, therefore, developed to reflect the results 
obtained from the experimental database and the analysis of this research. The results of this 
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research work were presented by eight articles. Based on the current results and analysis, the 
following conclusions can be drawn: 
10.1.1 Structural Performance 
Interaction diagram 
1. The experimental interaction diagrams for the tested GFRP-RC and H-GFRP-RC 
specimens have the characteristic “knee” shape found with steel-RC columns in which 
the moment resistance increases as the axial load decreases until the inflection point 
(known as the balance point for steel-RC columns). At this point, the moment and axial 
resistances start decreasing simultaneously.  
2. The inflection point, however, has not been recognised in the interaction diagrams of 
the tested CFRP-RC and H-CFRP-RC specimens. 
Strength, general behavior and failure mode 
3. The CFRP-RC and H-FRP-RC specimens behaved similarly to their steel counterparts, 
and achieved similar peak strengths.  
4. The GFRP-RC and H-GFRP-RC specimens exhibited lower axial and lateral stiffness 
and achieved lower peak strengths than their steel counterparts. The average ratios 
between their peak strengths to those of their steel counterparts were 0.75 and 0.85, 
respectively.  
5. For all specimens reinforced with GFRP rebar (GFRP-RC and H-GFRP-RC), a 
compression failure due to concrete crushing controlled the ultimate capacity under low 
eccentricity (e/D ratios of 8.2% and 16.4%).  
6. In contrast, flexural–tension failure initiated in the GFRP-RC and H-GFRP-RC 
specimens tested under higher eccentricity (e/D ratios of 32.8% and 65.6%) resulting 
from large axial and lateral deformations and cracks on the tension side until secondary 
compression failure occurred due to strain limitations in concrete and degradation of 
the concrete compressive block. 
7. CFRP-RC specimens, a compression failure due to brittle concrete crushing controlled 
the ultimate capacity under low eccentricity (e/D ratios of 8.2% and 16.4%). At higher 
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eccentricity (e/D ratios of 32.8% and 65.6%), CFRP-RC specimens exhibited a 
flexural–compression failure in a less brittle manner. 
8. For the H-CFRP-RC specimen tested under low eccentricity (e/D ratios of 8.2%), the 
failure was aggressive and explosive due to crushing of the outermost compression bars, 
crushing of the concrete, and rupture of the spirals on the compression side. The failure 
of the other H-CFRP-RC specimens was similar to the CFRP-RC specimens (at the 
same compared eccentricity).  
9. For the reference steel-RC and H-steel-RC specimens, the failure under low eccentricity 
(e/D ratios of 8.2% and 16.4%) was compression controlled, while a transition 
dominated the failure of specimens at higher eccentricity (e/D ratios of 32.8% and 
65.6%). 
Efficiency of GFRP bars 
10. All specimens reached their peak strengths with no damages to GFRP bars on either 
compression or tension sides. 
11. The GFRP bars developed up to -0.4% (approximately -175 MPa) and 0.8% (440 MPa) 
compressive and tensile strains (stresses), at peak, respectively. The maximum 
compressive and tensile strains recorded for these bars (before the test halted) were -
1.8% and 1.3% (54% of the ultimate tensile strain), respectively. 
12. The GFRP bars could sustain constant axial load after peak for some time up to the 
limit of concrete crushing (e/D ratios of 16.4%, 32.8% and 65.6%), which help to delay 
the full damage.  
13. Increasing the longitudinal reinforcement ratio in the GFRP-RC and H-GFRP-RC 
specimens from 2.2% to 3.3% slightly enhanced the strength (3% in average) and the 
pre-peak behavior. Nevertheless, it significantly enhanced both the peak and the post-
peak behavior. 
Efficiency of CFRP bars 
14. The CFRP bars developed up to -0.4% (approximately -480 MPa) and 0.5% (700 MPa) 
compressive and tensile strains (stresses), at peak, respectively. The maximum 
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compressive and tensile strains recorded for these bars (before the test halted) were -
0.5% and 0.9% (76% of the ultimate tensile strain), respectively. 
15. Crushing of CFRP bars on compression sides was reported frequently, after the peak, 
at strain levels ranged between -0.4% to -0.5% indicating that the maximum 
compressive strain should not exceed -0.4%. 
Efficiency of FRP transverse reinforcement 
16. FRP spirals and discrete hoops no. 3 and no. 4 spaced at D/4 were efficient in confining 
concrete specimens under different levels of eccentricity. The confinement provided by 
GFRP and CFRP transverse reinforcement prevented buckling of the FRP bars up to 
failure. 
17. For the discrete GFRP hoops, an overlap length of 40 times the hoop diameter, 
considering the CSA S806-12 splice length requirements in tension, was sufficient to 
avoid pullout or slippage failure. 
Efficiency of FRP reinforcement with HSC 
18. Integrating GFRP and CFRP reinforcement into high-strength concrete columns 
effectively contributed to enhancing the stiffness of cracked concrete sections 
especially when the bars were undergoing high strain and stress levels.  
10.1.2 Sectional Analysis 
Limits for FRP reinforcement conforming with ACI 440.1R (2015) 
19. The minimum reinforcement ratio for GFRP rebar with circular sections shall not be 
less than 1% for normal-strength concrete (with concrete strengths not more than 60 
MPa). This limit, however, shall not be used with higher strength concrete, where 
higher reinforcement is required to prevent rupturing of GFRP rebar. 
20. Replacing compressed FRP rebar by concrete may be conservative but still acceptable 
for the design purposes. 
Interaction Diagram 
21. The axial and flexural capacity of the tested FRP-RC specimens could be reasonably 
predicted using plane sectional analysis, utilizing the ERSB parameters given by the 
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ACI 440.1R-15 or CSA S806-12, and respecting their recommendations about ignoring 
bars’ contribution in compression zones. All predictions underestimated the actual 
strength with variable levels of conservatism.  
22. The average levels of conservatism of GFRP-RC and H-GFRP-RC specimens were 
1.25 and 1.05, respectively (by ERSB-ACI 440.1R-15, for example). 
23. The average levels of conservatism of CFRP-RC and H-CFRP-RC specimens were 1.40 
and 1.20, respectively, using (by ERSB-ACI 440.1R-15, for example). 
24. Integrating the contribution of FRP bars in compression zones returned in a more 
reasonable estimation, except for the H-GFRP-RC where the predictions converted to 
overestimating (0.96). In general, the above-levels of conservatism were reduced by 
approximately 10% when this contribution considered. 
Parametric investigations 
25. A guideline for the sectional analysis was proposed in chapter 5. Sets of charts were 
generated for circular columns constructed with normal-strength concrete to provide 
recommendations assimilating the wide variance of physical and mechanical properties 
of GFRP reinforcement addressed by the ACI 440.1R-15 (2015).  
26. The minimum GFRP longitudinal reinforcement ratio for circular eccentric columns 
was found to be 1% in order to prevent tension failure (GFRP-bar rupture), provided 
that the mechanical properties comply with the limits of the ACI 440.1R-15 (2015); the 
e/D does not exceed 1.0; and the concrete strength does not exceed 100 MPa. 
27. Among several parameters studied, concrete strength was found to be the most effective 
to increase strength. Increasing concrete strength from 30 MPa to 60 MPa could 
increase the axial and flexural resistances by up to 100%. 
28. The failure of circular concrete CFRP-RC columns (having the same CFRP mechanical 
properties in this study) under eccentric loading is not triggered by bars rupturing on 
the tension side (tension controlled), provided that the minimum reinforcement ratio is 
not less than 1% and the concrete strength does not exceed 100 MPa. 
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10.1.3 Stress block Parameters for HSC 
29. A total review of the available equivalent rectangular stress block (ERSB) parameters 
in the present steel and FRP design standard and guidelines was introduced.  
30. The strength predictions using the ACI ERSB (ACI 2015) were the closest to the 
experimental results but non-conservative (especially at high compressive stresses), 
while the CEB ERSB (fib 2007) offered the most conservative predictions among all 
the references considered (more details can be found in Chapter 8). 
31. For the modification proposed to the ACI expression (ACI 2015), the parameters 1  
and 1β  could also be expressed as: 
'
1 10.85 0.02 ( 28) / 7, 0.85 0.65cf      , ( 'cf in MPa) 
'
1 1β 0.85 0.05 ( 28) / 7, 0.85 β 0.65cf     , ( 'cf in MPa) 
32. For the modification proposed to the CSA expression (S806 2012), the parameters 1  
and 1β  could also be expressed as: 
'
1 10.85 0.002 , 0.67 0.80cf      ( 'cf in MPa) 
'
1 1β 0.97 0.0035 ,0.67 β 0.90cf     ( 'cf in MPa) 
10.1.4 Analytical modeling 
33. An analytical model was proposed to predict the moment-curvature response of the 
FRP-RC members. This model includes some assumptions to FRP rebar and 
spirals/hoops. The confinement effect of FRP transverse reinforcement was considered. 
34. Replacing the contribution of FRP reinforcement in the compression zone may be 
conservative but acceptable for the design purposes. Using this hypothesis for analysis, 
especially for post-peak response, returned in inconvenience differences and should not 
be used. 
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35. Setting a maximum compressive strain limit for CFRP rebar to 0.4% was quite 
reasonable and enhanced the predictions of the post-peak behavior of the CFRP-RC 
specimens. The CFRP-RC specimens had, however, limited post-peak behavior. 
10.1.5 Flexural stiffness 
36. The CFRP-RC specimens achieved higher stiffness than all the GFRP-RC specimens 
at both the service and ultimate loads. This returned to their higher Young’s modulus 
than that of the GFRP-RC specimens. 
37. The mean values of EIsec/EIg for the CFRP-RC columns were 0.90 and 0.80 at service 
and ultimate load levels, respectively, while the last specimen that considered as a beam 
achieved 0.41 and 0.38 at the same levels, respectively. 
38. The mean values of EIsec/EIg for the CFRP-RC columns were 0.90 and 0.80 at service 
and ultimate load levels, respectively, while the last specimen that considered as a beam 
achieved 0.41 and 0.38 at the same levels, respectively. 
39. The mean values of EIsec/EIg for the GFRP-RC columns were 0.79 and 0.68 at service 
and ultimate load levels, respectively, while the last specimen that considered as a beam 
achieved 0.32 and 0.26 at the same levels, respectively. 
40. Proposed equations are developed and validated against the experimental results to 
represent the whole stiffness response for GFRP-RC and CFRP-RC columns at service 
and ultimate levels, where P/Po ≥0.10. These expressions achieved accurate mean 
differences against the test results. 
For GFRP-RC columns:   
2
sec( / ) 4( / ) 4( / ) 1.3g servEI EI e D e D    
For CFRP-RC columns:  
2
sec( / ) 2.5( / ) 3( / ) 1.3g servEI EI e D e D    
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10.2 Recommendations for Future Work 
Results of the current research consider a promising step toward implementing FRP bars in 
axially loaded members. Due to lack of research on columns, low elastic modulus, variable 
mechanical properties among other reasons, GFRP and CFRP contributions are ignored in 
compression zones of flexural members and beam columns. Additional research on column 
design is recommended based on the findings of the current study to cover the following points: 
 Second-order effect and slenderness limits become questionable and doubtful on 
column design. Experimental results and analytical models should be conducted to 
examine this topic on columns with different slenderness limits ranging between the 
current ACI318-14 limit (22) to the critical buckling limit. 
 Ultra high-performance concrete has been being well-known in research domains and 
finds its way towards the field. Integrating such type of concrete with FRP 
reinforcement could be promising for both materials. 
   The minimum FRP reinforcement ratio of GFRP-RC and CFRP-RC columns was 
investigated in this research. Extended experiments and analysis to examine the 
proposed limit is, however, required. 
 While the focus of current research is concerned with circular shapes, similar 
methodologies are believed to be equally applicable and can be extended to include 
concrete columns of rectangular as well as other irregular shapes.  
The French version of this section is presented below: 
10.3 Conclusions 
La recherche actuelle portait sur les performances structuralles des colonnes de béton circulaire 
à charge excentrique entièrement renforcées avec des barres de PRF utilisant des bétons 
normaux et à haute résistance. Cette recherche comprenait des tests sur des spécimens à grande 
échelle sous différents niveaux d'excentricité. Les variables de test ont été choisies pour 
examiner l'efficacité de l'armature de PRF à différentes intensités de charge. Les résultats 
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expérimentaux des spécimens de PRF ont été analysés et discutés en comparant avec les 
spécimens rneforcés avec de l’armature en acier (références). Tous les spécimens mesuraient 
305 mm de diamètre et 1500 mm de hauteur, avec un enrobage de 20 mm. Pour faciliter la 
lecture des conclusions dans ce chapitre, les spécimens construits avec du béton de résistance 
normale et renforcés avec des barres de PRFC, de PRFC et d’acier ont reçu des notations de 
PRFV, de PRFC et d’acier, respectivement. De même, des spécimens construits avec du béton 
à hautes résistances ont reçu des notations de H-PRFV-RC, H-PRFC et H-acier, 
respectivement. Les résultats expérimentaux ont été comparés aux modèles d'analyse de 
section. Les contraintes ont été intégrées sur la section soit en utilisant les paramètres du bloc 
de contrainte équivalente (BCRE), soit en adoptant l'approche couche par couche en 
considérant les modèles constitutifs appropriés pour les matériaux. Les expressions modifiées 
de l'BCRE fournies dans l’ACI 440.1R et CSA S806 ont été développées pour le béton à haute 
résistance pour des prédictions meilleures et plus conservatrices. Cette recherche a également 
mené une énorme étude paramétrique, basée sur les modèles validés, pour générer des 
ensembles de diagrammes d'interaction P-M, compte tenu des propriétés mécaniques des barres 
de PRFV prévues dans l'ACI 440.1R-15 (2015). Enfin, la rigidité en flexion des colonnes de 
PRF a été étudiée et discutée à la lumière de la recommandation fournie par l'ACI 318-14 
(2014) et des recherches récentes. Les expressions proposées ont donc été développées pour 
refléter les résultats obtenus à partir de la base de données expérimentale et l'analyse de cette 
recherche. Les résultats de ce travail de recherche sont présentés dans six articles. Sur la base 
des résultats et des analyses actuels, on peut tirer les conclusions suivantes: 
Performance Structurale 
Diagramme d’Interaction 
1. Les diagrammes d'interaction expérimentales pour les spécimens de PRFV et de H-
PRFV testés ont la forme caractéristique d’un "genou", comme obtenue avec les 
colonnes en acier dans lesquelles la résistance du moment augmente à mesure que la 
charge axiale diminue jusqu'au point d'inflexion (connu sous le nom du point d'équilibre 
pour les colonnes en acier). À ce stade, le moment et les résistances axiales commencent 
à diminuer simultanément. 
278 Chapter 10: Conclusions and Recommendations
 
2. Le point d'inflexion, cependant, n'a pas été reconnu dans les diagrammes d'interaction 
des spécimens de PRFC et de H-PRFC. 
Résistance, comportement général et mode de rupture 
3. Les spécimens de PRFC et de H-PRFC se sont comportés de manière similaire à leurs 
homologues en acier et ont atteint des résistances similaires. 
4. Les spécimens de PRFV et H-PRFV ont présenté une rigidité axiale et latérale 
inférieure et ont atteint des forces de résistance ultime plus faibles que leurs 
homologues en acier. Les rapports moyens entre leurs résistances ultimes et ceux de 
leurs homologues en acier étaient respectivement de 0,75 et 0,85. 
5. Pour tous les spécimens renforcés avec des barres d'armature de PRFV, une rupture de 
compression due à l’écrasement du béton a permis de contrôler la capacité finale sous 
faible excentricité (rapports e / D de 8,2% et 16,4%). 
6. En revanche, une rupture en flexion initiée dans les spécimens de PRFV testés sous une 
excentricité supérieure (rapports e / D de 32,8% et 65,6%), résultant à de grandes 
déformations axiales et latérales et des fissures sur la face en tension jusqu'à ce qu'une 
rupture de compression secondaire, ait eu lieu en raison des limitations de contraintes 
dans le béton et de la dégradation du bloc compressif en béton. 
7. Les spécimens de PRFC ont eu une rupture de compression due l’écrasement du béton 
de façon fragile sous faible excentricité (rapports e / D de 8,2% et 16,4%). À une 
excentricité supérieure (rapports e / D de 32,8% et 65,6%), les spécimens de PRFC 
présentaient une rupture en compression-flexion de manière moins fragile. 
8. Pour les spécimens H-CFRP testés sous faible excentricité (rapports e / D de 8,2%), la 
rupture a été agressive et explosive en raison de l’éclatement des barres en compression 
les plus sollicitées, de la rupture du noyau et de la rupture des spirales sur la face en 
compression La rupture des autres spécimens H-PRFC était similaire aux spécimens de 
PRFC (à la même excentricité comparée). 
9. Pour les spécimens de référence en acier et de H-acier, la rupture sous faible excentricité 
(rapports e / D de 8,2% et 16,4%) a été contrôlée par la compression, alors qu'une 
10.3 Conclusions 279
 
  
transition a dominé la rupture des spécimens à plus grande excentricité (e / D de 32,8% 
et 65,6%). 
Efficacité des barres de PRFV 
10. Tous les spécimens ont atteint leurs résistances maximales sans endommager les barres 
de PRFRV sur les faces en compression et en tension. 
11. Les barres de PRFV ont développé jusqu'à -0,4% (environ -175 MPa) et 0,8% (440 
MPa) de la contrainte maximale de traction, au pic, respectivement. Les contraintes de 
compression et de traction maximales enregistrées pour ces barres (avant l'arrêt du test) 
ont été de -1,8% et de 1,3% (54% de la tension de traction finale), respectivement. 
12. Les barres de PRFV pourraient supporter une charge axiale constante après la résistance 
ultime pendant un certain temps jusqu'à la limite de l’écrasement du béton (rapports e / 
D de 16,4%, 32,8% et 65,6%), ce qui contribue à retarder les dégâts. 
13. L'augmentation du taux d’armature longitudinal dans les spécimens de PRFV et de H-
PRFV 2,2% à 3,3% a légèrement amélioré la résistance (3% en moyenne) et le 
comportement avant la rupture. Néanmoins, cela a considérablement amélioré la 
résistance ultime et également le comportement après celle-ci. 
Efficacité des barres de PRFC 
14. Les barres de PRFC ont développé jusqu'à -0,4% (environ -480 MPa) et 0,5% (700 
MPa) de la contrainte maximale de traction, au pic, respectivement. Les contraintes de 
compression et de traction maximales enregistrées pour ces barres (avant l'arrêt du test) 
ont été respectivement de -0,5% et 0,9% (76% de la tension de traction finale). 
15. La rupture des barres de CFRP sur la face en compression a été signalé fréquemment, 
après le pic, à des niveaux de déformation compris entre -0,4% et -0,5%, indiquant que 
la déformation de compression maximale ne devrait pas dépasser -0,4%. 
Efficacité du renforcement transversal 
16. Les spirales de PRF et les cerceaux de grosseur No.3 et No.4 espacés en D / 4 étaient 
efficaces pour confiner les spécimens sous différents niveaux d'excentricité. Le 
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confinement fourni par le renfort transversal de PRFV et de PRFC a empêché le 
flambement des barres de PRF jusqu'à la rupture. 
17. Pour les cerceaux de PRFV, une longueur de chevauchement de 40 fois le diamètre des 
cerceaux, compte tenu des exigences de longueur de chevauchement de la norme CAN 
/ CSA S806-12 en tension, était suffisante pour éviter les ruptures de ceux-ci 
(glissement). 
Efficacité du renforcement en PRF avec un béton  
18. L'intégration du renforcement de PRFV et de PRFC dans des colonnes de béton à 
haute résistance a contribué efficacement à améliorer la rigidité des sections de béton 
fissurées, en particulier lorsque les barres subissaient une forte contrainte. 
Analyse par Section 
Diagramme d’Interaction 
19. La capacité axiale et de flexion des spécimens de PRF testés pourrait être 
raisonnablement prédite en utilisant une analyse en section plane, en utilisant les 
paramètres BCRE donnés par les normes ACI 440.1R-15 ou CSA S806-12 et en 
respectant leurs recommandations concernant l'ignorance de la contribution des barres 
dans les zones de compression. Toutes les prédictions ont sous-estimé la force réelle 
avec des niveaux variables de conservatisme. 
20. Les niveaux moyens de conservatisme des spécimens de PRFV et de H-PRFV étaient 
respectivement de 1,25 et 1,05 (par BCRE -ACI 440.1R-15, par exemple). 
21. Les niveaux moyens de conservatisme des spécimens PRFC  et de H-PRFC étaient 
respectivement de 1,40 et 1,20 (par BCRE -ACI 440.1R-15, par exemple). 
22. L'intégration de la contribution des barres de PRF dans les zones de compression a 
donné une estimation plus raisonnable, à l'exception du H-PRFV où les prédictions se 
sont converties en surestimation (0,96). En général, les niveaux supérieurs de 
conservatisme ont été réduits d'environ 10% lorsque cette contribution a été prise en 
compte. 
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Études paramétriques 
23. Une ligne directrice pour l'analyse en section a été proposée au chapitre 5. Des 
ensembles de diagrammes d’interaction ont été générés pour des colonnes circulaires 
construites avec du béton à résistance normale pour fournir des recommandations 
incorporant la large variance des propriétés physiques et mécaniques du renforcement 
de PRFV adressées par l'ACI 440.1R- 15 (2015). 
24. Le taux d’armature longitudinal GFRP minimal pour les colonnes excentriques 
circulaires a été estimé à 1% afin d'éviter une rupture de tension (rupture de la barre de 
PRFV), à condition que les propriétés mécaniques soient conformes aux limites de 
l'ACI 440.1R-15 (2015) ; Le rapport e / D ne dépasse pas 1,0; Et la résistance du béton 
ne dépasse pas 100 MPa. 
25. Parmi plusieurs paramètres étudiés, la résistance au béton a été jugée la plus efficace 
pour augmenter la résistance. L'augmentation de la résistance du béton de 30 MPa à 60 
MPa pourrait augmenter les résistances axiales et flexibles jusqu'à 100%. 
26. La rupture des colonnes de PRFC en béton circulaire (ayant les mêmes propriétés 
mécaniques que les barres de PRFC dans cette étude) sous un chargement excentrique 
n'est pas déclenché par des barres de rupture du côté de la tension (tension contrôlée), 
à condition que le taux de renforcement minimum ne soit pas inférieur à 1% et que la 
résistance au béton ne dépasse pas 100 MPa. 
Paramètres du bloc de contrainte équivalente pour BCRE 
27. Une révision complète des paramètres du bloc de contrainte rectangulaire équivalent 
disponible (BCRE) dans la présente norme et les directives de conception de l'acier et 
du FRP a été introduite. 
28. Les prédictions de force utilisant l'ACI (ACI 2015) étaient les plus proches des résultats 
expérimentaux mais non conservatrices (en particulier à forte contrainte de 
compression), tandis que le CEB (fib 2007) offrait les prédictions les plus 
conservatrices parmi toutes les références considérées (Plus de détails se trouvent au 
chapitre 8). 
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29. Pour la modification proposée à l'expression de la norme américaine ACI (ACI 2015), 
les paramètres peuvent être exprimés comme suit: 
'
1 10.85 0.02 ( 28) / 7, 0.85 0.65cf      , ( 'cf en MPa) 
'
1 1β 0.85 0.05 ( 28) / 7, 0.85 β 0.65cf     , ( 'cf en MPa) 
30. Pour la modification proposée à l'expression de la norme canadinne CSA (CSA 2012), 
les paramètres peuvent être exprimés comme suit: 
'
1 10.85 0.002 , 0.67 0.80cf      ( 'cf en MPa) 
'
1 1β 0.97 0.0035 ,0.67 β 0.90cf     ( 'cf en MPa) 
10.4 Recommandations pour les travaux futurs 
Les résultats de la recherche actuelle considèrent une étape prometteuse vers la mise en œuvre 
des barres de PRF dans les éléments chargés axialement. En raison du manque de recherche 
sur les colonnes, du faible module élastique, des propriétés mécaniques variables entre autres, 
les contributions des PRFV et PRFC sont ignorées dans les zones de compression des éléments 
en flexion et en compression. Des recherches supplémentaires sur la conception des colonnes 
sont recommandées en fonction des résultats de l'étude actuelle pour couvrir les points suivants: 
 Les effets de second ordre et les limites d'élancement sont questionnables et douteux 
sur la conception des colonnes. Les résultats expérimentaux et les modèles analytiques 
devraient être menés pour examiner ce sujet sur des colonnes avec des limites 
d’élancement différentes allant de la limite actuelle ACI318-14 (22) à la limite critique 
de flambement. 
 Le béton ultra-hautes performance est été bien connu dans les domaines de la recherche. 
L'intégration de ce type de béton avec un renforcement de PRF pourrait être 
prometteuse pour les deux matériaux. 
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 Le taux d’armature longitudinal minimum de PRF pour les colonnes PRFV et de PRFC 
a été étudié dans cette recherche. Cependant, des expériences et des analyses 
supplémentaires pour examiner la limite proposée sont requises. 
 Alors que l'accent mis sur la recherche actuelle est dédié sur des formes circulaires, des 
méthodologies similaires de calculs et d’essais en laboratoire sont également 
applicables et peuvent être étendues pour inclure des colonnes en béton avec des formes 
irrégulières. 
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Appendix A  
DEFLECTION OF SINGLE CURVATURE ECCENTRIC 
COLUMNS 
A.1 General solution approach 
Euler-Bernoulli beam equation describes the relation between the deflection w(x) of a beam 
and the applied distributed load q(x) along the beam length l as follows. 
4
4
d ( )d
wEI q x
x
  
Where EI is the flexure rigidity which is assumed to be constant along the beam. 
In a similar manner, the governing differential equation of beam columns having subjected to 
a combination of axial force P, distributed load q and different end moments Mi and Mj over a 
height l, is defined as by Chen and Atsuta (1976). 
4 2
2 2
d d ( )d d
w wEI P q x
x x
   
The general solution of this nonhomogeneous forth order polynomial equation contains four 
constants (C1, C2, C3, and C4) in which they could be determined from the boundary conditions. 
The form of this solution is: 
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2
1 2 3 4 2cos sin 2
qw C kx C kx C x C x
k EI
      
In which  
Pk
EI
  
The case of symmetrically eccentric columns could be alternatively solved by simply satisfying 
the equilibrium at any distance of the column height x. Considering a section subjected to 
eccentric axial compression P that acts on equal end eccentricity e, the resulted end moments 
0M P e   causes deflection which is further amplified by P. The moment-deflection 
relation according to Euler-Bernoulli beam theory can be described by: 
2
2
d( ) d
wM x EI
x
   
In which the bending moment at a distance x from the column edge is 
( ) [ ( )]M x P e w x    
By substituting in the previous equations: 
2
2
2
d ( ) 0d
w k e w
x
    
Th general solution of this nonhomogeneous second order polynomial equation is: 
1 2( ) cos sinw x C kx C kx e    
The two constants C1 and C2 are determined from the two boundary conditions 
w = 0 at x =0 
w =0 at x =l 
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Thus, one gets 
1C e  and 2 cossin
e kl eC
kl
  
The deflection function can be therefore solved as: 
 (cos 1)( ) cos sinsin
e klw x e kx kx e
kl
     
Using some trigonometric identities and basic substitutions, the former equation could be 
written as: 
0( ) [cos( ) cos ]2 2cos 2
M kl klw x kxklP
    
To simplify this equation, the following additional notation will be used: 
2 2
kl l P
EI
    
The critical load of a column is defined by Euler as: 
2
2E
EIP
l
  
This limiting value determines the stability of columns if exceeded. The relation of the axial 
compressive load and the critical load may be represented by the former notation   as follows: 
2 E
P
P
   
The deflection equation at any distance x can, therefore, have the following shape: 
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2
0
2
2( ) [cos( 2 ) cos ]8 cos
M l xw x
EI l
       
The maximum deflection can be determined by substituting x =l/2 which yields the result: 
2
0
max 2
2(1 cos )[ ]8 cos
M lw
EI

 
  
Deflection obtained from this equation is so far acceptable in the elastic range. Once the 
deflection is obtained, the curvature can then be calculated by differentiation. To obtain correct 
values of deflection, the flexure stiffness EI should reflect the level of material nonlinearity. 
The ACI 318 recommends some values for the effective stiffness EIe to be used in the first- 
and second-order analyses. The EIe for FRP-RC beam columns has not yet been defined in FRP 
guidelines and thus other techniques should be used. 
A.2 Numerical integration approach 
In this approach, a numerical procedure is used to determine the deflection at discrete points 
along the column height using the predicted M-ψ response previously calculated in the first-
order procedure. This approach was developed based on the moment-area-theorem in which 
two basic expressions were established.  
The first expression describes the change in slope AB between any two-successive points A 
and B on the elastic curve. 
B
AB
A
A
( )dM f x x
EI
    
The second expression describes the vertical deviation of a point A on an elastic curve with 
respect to the tangent which is extended from another point B. 
B
AB
AB
A
dM x x
EI
    
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The procedure to calculate the mid-height deflection wF,i for a step i=1 and at a strain level ci  
is summarized in the following steps: 
1. Divide the column height into Ng segments. Harik and Gesund (1986) recommended 
the use of 10 for column bending in single curvature. 
2. Assume a small value for 1c  and calculate the resulting ψ1 by Carrying out 1st-order 
M-ψ analysis based on e only (note that ψ1 is the curvature at point A). 
3. Calculate the deflection, slope and curvature at each point (A, B, C, D, E and F) until 
the mid-height deflection wF,i becomes known. The generalized form of the slope and 
deflection expressions are: 
2
i i-1 i-1 i i-1 1 i i-1
1( ) ( )2 iw w x x x x         
i i-1 i i-1( )i x x       
4. At point A, ψA,1 and A,1w  are known (ψA,1= ψ1 and wA,1=0) and A,1  should be assumed. 
5. At point B, calculate B,1w , B,1 , and then B,1  using these expressions: 
B,1 A,1 A,1 B A BA( )w w x x       
B A
BA A,1 B A
( )( ) 2
x xx x       
B,1 A,1 B,1 B A( )x x        
where B,1  is calculated from another M-ψ analysis based on the new eccentricity 
B,1e w . 
6. At point C, calculate the deflection c,1w , c,1 , and then C  using these expressions: 
2
C,1 B,1 B C B B,1 C B
1( ) ( )2w w x x x x        
C,1 B,1 C,1 C B( )x x        
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where C,1  is calculated from another M-ψ analysis based on the new eccentricity 
C,1e w . 
7. Repeat the same procedure at the successive points D, E, ... etc. to reach the deflection 
at the mid-height (point F) until the mid-height slope F  equals zero (or small negative) 
as a symmetrical end condition. If this condition is not satisfied, then change the 
assumed value of A,1  and repeat the procedure. 
8. To calculate the maximum deflection wF,2 at the following steps i=2, 3, …etc., repeat 
steps for 2 to 7 for each. This approach considers the change in the curvature along the 
column height and hence it gives accurate results. The applicability of this approach to 
establish a full response of M-ψ takes long time and data processing. 
A.3 Approximate simplified approach 
This approach is a special case of the numerical integration approach when dividing the column 
into two segments only. The direct use of the moment-area-theorem, Macaulay’s method 
(double integration) or the principles of virtual work results in a relation between the curvature 
and the deflection at the mid-height level. This expression could be described as: 
 
2
max 8
lw   
This approach was simple and acceptable (8% less than the experimental results) with columns 
having low eccentricity ( / 0.16e D  ) and less accurate (15% less than the experimental 
results) but still acceptable with higher eccentricity. In all ways, the approach is practical and 
feasible especially when the second order effect is considered in the M-ψ analysis. The 
analytical results presented in the following section adopted this approach to consider the 
second order effect. It is interesting to note that a similar expression was suggested by Quast 
(1970) to determine the lateral deflection at the mid-height of the column by knowing the 
curvatures at mid-height level m  and the curvature at the column ends e . This expression 
was expressed by: 
2
max ( 0.25 )10 m e
lw     
